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The Control of Tetrahymena pyriformis Using Behavioral Responses to Various Stimuli 
as a Biological Actuator 
 
Paul Seung Soo Kim 
Min Jun Kim, Ph.D. 
 
 
 There is great interest in developing viable robotic swimmers at the microscale for 
applications such as microassembly, micromanipulation, and drug efficacy testing and 
other biomedical tasks. One of the greatest obstacles for developing microrobots is the 
often expensive and complicated fabrication techniques. Microorganisms are continuously 
targeted for microrobotics research because they possess many of the required components 
needed for robotic systems, including power systems, sensing abilities, and swimming 
mechanisms. They are also relatively inexpensive to produce. We investigated the single 
cell microorganism Tetrahymena pyriformis as a candidate for a microrobot. This ciliated 
protozoan responds to a variety of stimuli. Here, we demonstrated its control through a 
variety of control modalities, including electric and magnetic fields. Turning behavior and 
response to electric fields were quantitatively characterized. We also investigated its 
swimming capabilities by stripping the cell of its motile organelles and observe their 
regeneration and recovery. While this cell does not naturally respond to magnetic fields, 
they were modified through the uptake iron oxide particles and then imparted with a 
magnetic dipole using a permanent magnet. Magnetic control was used only to steer the 
cell with negligible translational force. Each cell possessed a magnetic dipole after 
magnetization, whose strength is a function of the strength the a permanent magnet used to 
magnetize the cells as well as function of the amount of ingested iron oxide. By studying 
xvi 
 
the effects of rotational fields and each cell’s unique response to the rotational frequency, 
discrete multi-cell control becomes possible. This swarm control was validated in theory, 
simulation, and experiments. The development and control of this organism as a 
microrobot will give us valuable insight to harness and develop versatile biologically 
inspired robotic systems in the microscale.
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There is great interest in microscale robotics for applications such as 
micromanipulation, microassembly, minimally invasive procedures, and other biomedical 
tasks. However, unlike robots in the macroscale, like a humanoids or surgical assisting 
robots, robots in microscale are subject to new constraints and challenges: mainly, low 
Reynolds number environments (or environments in which viscous forces dominate over 
inertial forces). Generally, robots of all scales share similar necessary systems to create one 
functional unit, including mechanisms for movement, sensing, communication, and power 
systems. While there are various methods to classify microrobots, one classification 
method is to divide microrobotics into two categories: abiotic and biotic microrobots. 
Abiotic microrobots are robotic platforms absent of any biological component. Using 
synthetic components yields advantages such as specificity and repeatability, but they also 
possess significant drawbacks, such as manufacturability with respect to throughput and 
cost, and maintaining a complex system on a small scale. Often, abiotic systems will use 
designs inspired by nature to generate propulsion. 
 
 
For robotics in aqueous mediums, regardless of being abiotic or biotic, all must 
address locomotion in low Reynolds number environments. To achieve propulsion in low 
Reynolds number environments, Purcell’s scallop theorem states that reciprocal motion 
cannot be used [1]. Reynolds number is dimensionless, as it is the ratio of inertial forces to 
viscous forces. Reynolds number is defined as, 
𝑅𝑅𝑅𝑅 = 𝑎𝑎𝑎𝑎𝑎𝑎
𝜂𝜂
= 𝑎𝑎𝑎𝑎
ν
= 𝑖𝑖𝑖𝑖𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖 𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑅𝑅𝑓𝑓
𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓𝑣𝑣𝑓𝑓 𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑅𝑅𝑓𝑓 
2 
 
where 𝑎𝑎, 𝑎𝑎, 𝑎𝑎, 𝜂𝜂, and ν, represent the dimensional element, the velocity, fluid density, 
viscosity, and kinematic viscosity, respectively. The 𝑅𝑅𝑅𝑅 for an adult male may be 104, while 
that of a small fish would be 102. The 𝑅𝑅𝑅𝑅 of a bacterium, however, is about 10-4 to 10-5. 
According to Purcell, inertial forces are negligible and viscous forces dominate in these 
types of low 𝑅𝑅𝑅𝑅 environments. When swimming in high 𝑅𝑅𝑅𝑅 environments, moving can be 
accomplished through coasting. That is, if a man is swimming in water and suddenly ceases 
to make any additional swimming strokes, he will come to a stop after coasting for some 
distance. At the micron-scale, however, this distance after ceasing swimming propulsion is 
0.1 Å, a fraction of its length along its swimming path. Even though an organism may be 
swimming at a steady velocity beforehand, it would instantly came to a stop without a 
propulsive force, indicating that inertia had no role in its translation; that velocity is 
determined by the swimming force at that moment without being affected by the past, and 
special swimming techniques are necessary to swim in low 𝑅𝑅𝑅𝑅 regimes. 
Microorganisms have developed the means to navigate through these types of 
environments by utilizing flagella and cilia. Flagella are helical strands that are attached to 
the cell body at various points. Through the rotation of these filaments, they bundle 
together and rotate like a corkscrew. This motion is non-reciprocal, and can efficiently 
propel organisms through fluid environments. Cilia are filaments but much shorter than 
flagella. They typically line the outside of a cell body. There are two phases of cilia beating: 
the power stroke and recovery stroke. During the power stroke, the cilia bend at the base 
to generate a propulsive stroke, while the bend propagates upwards from the base to the tip 
during the recovery stroke. This cyclical motion is repeated and is not temporally 
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symmetric, and will net displacement according to Purcell’s scallop theorem. Each cilium 
beats in phase with its neighboring cilium, a phenomenon known as a metachronal wave.  
Biotic microrobots use biological parts or organisms as microrobots. Many researchers 
have used various organisms as microrobots, such as bacteria [2-5], Euglena [6], and 
Paramecium [7]. In nature exists organisms that already have capabilities desired in robots, 
such as sensing capabilities from sensory organelles, power systems by being able to take 
in nutrients from its surroundings, and power and propulsion systems. Organisms are also 
able to be produced en masse (cell culturing). Because of the various types of sensing 
organisms are capable of, a variety of stimuli can be used to control the organism, 
analogous to wireless control of synthetic robots. 
 
 
There is an urgent need for controllable miniaturized actuators to accomplish 
microscale robotic tasks including single cell manipulation, microsurgery and 
microassembly [8-13]. Actuation has been accomplished mainly through abiotic (absent of 
biological materials) systems, biotic (presence with biological materials) systems, and 
hybrid (utilizing both synthetic and biological materials) microrobot systems.  
Abiotic systems often have designs inspired from nature [14-21].  While actuation 
can be realized using exclusively abiotic components, these systems often require 
expensive fabrication processes and heterogeneous integration, which can prove 
challenging to mass produce [22-24]. Furthermore, abiotic components typically do not 
have integrated biosensing elements which are important to enable multi-functional 
capabilities. It is possible to utilize biomolecular motors such as kinesin and myosin to 
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enable actuation, but these systems can be challenging to extract in the required high purity 
and functional forms and also are much smaller as compared to microscale objects, posing 
a significant integration challenge for microrobotics [25]. Due to the differences between 
the physics of the macro- and microscale, it is difficult to design and manufacture 
microrobots, especially at a low cost. There is also a lack of sufficient power sources for 
microrobots, making them unsuitable for time-consuming tasks. As an alternative solution, 
previous studies have explored different forms of actuation with live microorganism cells 
[26-31].  
Some researchers have turned to microorganisms such as magnetotactic bacteria 
[30], Escherichia coli [32, 33], Serratia marcescens [28, 29, 34], and Tetrahymena 
pyriformis [35-37] to be used as biological microrobots (or microbiorobots). Biological 
organisms are easily and inexpensively cultured in large numbers with little equipment. 
They draw chemical energy from their environment, eliminating the need for external 
power sources. Microorganisms also respond to various external stimuli allowing them to 
be controlled as biological microrobots. They have innate mechanisms for swimming in 
low Reynolds number environments and sensory organelles for detecting a variety of 
environmental stimuli and cues. Thus, the use of microorganisms as microrobots is very 
attractive. As nature imparted these organisms with many abilities, our task is to employ 
the correct control method to harness the power of these microscale biological actuators.  
 
 
For the control of microorganisms for microscale engineering tasks, external 
stimuli can be utilized. Many biological microorganisms respond to stimuli, such as 
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magnetotaxis (magnetic fields), galvanotaxis (electric fields), phototaxis (light intensity), 
and chemotaxis (chemical gradients). Based on the characterized behavior of 
microorganisms, these taxes can be applied to produce a desired response from the 
microscale robot. We focus on two specific taxes: magnetotaxis and galvanotaxis. These 
taxis are attractive because they can be applied in a variety of environments. Galvanotaxis 
requires only a conductive medium and a pair of electrodes across which an electric field 
may be applied. Magnetic fields can be easily generated by passing an electric current 
through a set of wound coils. Magnetic fields are also highly compatible with organic 
materials, a must for potential biological applications.  
Magnetotaxis is used to change the direction of locomotion in motile 
microorganisms by inducing a magnetic stimulus. Two different magnetotactic 
mechanisms, polar and axial, are found in different magnetotactic microorganisms [38]. 
Polar magnetotaxis describes organisms that align themselves to the direction of the 
magnetic field. Axial magnetotaxis describes organisms that align only their dipole parallel 
to the magnetic field (polarity does not matter). These two magnetotactic mechanisms can 
be utilized to control microscale robotic systems. 
Phototaxis is the movement of an organism in response to light, which can vary 
with light intensity and direction. The microorganism’s phototactic behavior to light can 
either be categorized as negative or positive. Negative phototaxis causes swimming away 
from the light source, whereas in positive phototaxis movement occurs toward light. 
Phototactic responses are observed in many microorganisms [29, 34], including 
Tetrahymena pyriformis [35].  
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While other taxes are available to control organisms, they may not be desirable 
because of response time and permanent altering/damage to the operating environment and 
the organisms themselves. For example, thermotaxis would require highly focused energy 
to create localized heating without affecting the surroundings. Chemotaxis may employ 
chemicals to directionally control organisms, but it may be difficult to remove chemicals 
from the environment once the desired movement is generated. 
 
 
The objective of this research is to investigate and develop the ciliated protozoan 
Tetrahymena pyriformis (T. pyriformis) as a microrobot through cell modification and 
behavioral responses to stimuli. This thesis presents advances in cell control using 
magnetic fields, electric fields, characterization of cell swimming after modification 
through deciliation, and control of multiple microorganisms using a single global input. 
Specifically, this thesis scrutinizes the following activities: 
1. A quantitative study of the deciliation and cilia-regeneration of T. pyriformis 
using a local anesthetic. 
2. The control and tracking of artificially magnetotactic T. pyriformis in three-
dimensions using a magnetic field generator. 
3. A quantitative study of the turning behavior of T. pyriformis under electric 
fields (galvanotaxis). 
4. Real-time feedback control of a single artificially magnetotactic T. pyriformis 
using magnetic fields. 
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5. The development and validation of a cell model and control laws for multiple 
artificially magnetotactic T. pyriformis control using a single global magnetic 
input, including a study on increasing the heterogeneity of magnetic dipole 
strengths within a population of artificially magnetotactic T. pyriformis 
The outline of this thesis is as follows: in Chapter 2, we study the modification of 
the cell through deciliation for potential functionalization with inorganic objects. Then, in 
Chapter 3, using a magnetic field generator, we demonstrated single cell control methods 
in three dimensions as well as feedback control in two dimensions. Also in this chapter, 
while galvanotaxis of this cell has been known, we quantitatively studied the turning 
motion of cells using electric fields. After investigating single cell control approaches, in 
Chapter 4, we investigated the effects of magnetic dipole heterogeneity of magnetized T. 
pyriformis for swarm control. In Chapter 5, conclusions and future recommendations of 
this research are presented. 
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Developing biologically inspired robotic swimmers for low Reynolds number 
environments is difficult due to limitation of combining robotic components, such as 
fabrication, power systems, and swimming mechanisms, while still maintaining a sub 100-
micron platform. To look for a viable solution, we turn to nature for inspiration. 
Tetrahymena pyriformis (T. pyriformis) are powerful swimmers. This protozoan is one of 
the most studied unicellular eukaryotic models in molecular and cell biology [39]. The cell 
takes in nutrients from its environment and utilizes the motile cilia on its body for mobility. 
The entire cell body is covered in arrays of about 600 cilia, resulting in a swimming speed 
of 1000 μm/s. Two types of cilia covering its entire body: oral cilia used for feeding and 
motile cilia for swimming. T. pyriformis swim forward with a corkscrew motion, which is 
a rotational motion along its major axis of the body. Due to this rotation, it shows a coil-
like trajectory when swimming. The cell, unlike abiotic systems, has numerous receptors 
on its membrane, and it also exhibits intracellular compartmentalization, enabling targeting 
of specific cell parts or pathways. This cell exhibits homologies to those of higher ranked 
vertebrates as well. Culturing these cells is inexpensive, and they have a relatively short 
generation time of about 150 minutes. The cilia on this protozoan coordinate and self-
organize to produce a collective thrust for corkscrew like swimming [40]. The control 
mechanisms may be used to control these organic actuators for micromanipulation and 
phenotype biosensing. 
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Figure 1 shows the structure of T. pyriformis which is in average 25 µm by 50 µm 
and pear-shaped. To culture T. pyriformis, a standard medium of 0.1% (w/v) yeast extract 
and 1% (w/v) tryptone in distilled water is used [41]. The culture is maintained at 28°C in 
normal air conditions. New cultures are inoculated weekly in ratio of 10:1, culture medium 
to cell suspension, and require about 48 hours for the cell density to saturate. The saturated 
culture has an assumed cell density of approximately 104 cells/ml [41].  
 
 
 
Figure 1. (a) Tetrahymena pyriformis. The scale bar is 10 µm. 
 
This work first appeared in [42] and was done in collaboration with Dalhyung Kim, Sean 
E. Brigandi, Doyoung Byun, and Min Jun Kim. 
In this section, we successfully deciliated artificial magnetotactic T. pyriformis. As 
the cell’s cilia regenerates, we were able to measure its motility and velocity with an image-
processing algorithm. We showed that complete cilia regeneration does not necessarily 
occur, as the velocity profile of T. pyriformis never fully recovers. We also propose future 
applications of T. pyriformis as a cellular robot using the deciliation process. Based on our 
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observations, we can confirm that cilia are the main propulsive force behind T. pyriformis 
swimming. 
 
 
Artificial magnetotactic T. pyriformis has great potential for utilization as a cellular 
robot. The quick response time of the cell to magnetotaxis and the ability to control the 
swimming direction are ideal for microscale applications. Also, magnetotactic T. 
pyriformis can be used simultaneously with other external stimuli, such as galvanotaxis 
[35], phototaxis, and chemotaxis [43]. Figure 2 demonstrates the process to create 
deciliated artificially magnetotactic T. pyriformis [44]. 50 nm diameter iron oxide spherical 
particles (Sigma Aldrich, MO, USA) are added into the culture medium. The culture 
medium with iron oxide particles is gently agitated and left for 10 minutes to ensure 
sufficient internalization of the particles. T. pyriformis internalizes the magnetite, shown 
as dark circles in Figure 2 (b), via oral cilia located at the anterior part of cell. The culture 
medium is then magnetized causing the particles to align on the major axis of the cell body, 
as shown in Figure 2 (c). After magnetization, previous research has proven that artificial 
magnetotactic T. pyriformis can be controlled using magnetic fields [44]. 
The deciliation process was performed using the technique developed by 
Thompson et al. [45]. A sample of artificial magnetotactic T. pyriformis culture medium is 
mixed with 0.5 mM dibucaine HCl (Sigma Aldrich, MO, USA) in ratio of 9:1 and is 
exposed for 4 minutes, resulting in the loss of cilia as described in Figure 2 (d). 
Recommended exposure time was 3 min - 5 min; however, 3 minutes resulted in a large 
number of unaffected cells and 5 minutes caused the death of many cells. After exposure, 
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new culture medium was added to the sample at a ratio of 20:1 to regenerate the cilia. This 
significantly dilutes the cell density of the sample increasing the difficulty of locating cells 
for observation. To counteract the dilution, the sample was centrifuged at 370 g for 5 
minutes to increase the cell concentration at the bottom of the sample tube. A pipette was 
then used to extract 1 mL of cell medium from the bottom of the tube to be used as the 
deciliated sample for study. 
 
 
 
Figure 2. Fabrication of deciliated artificial magnetotactic T. pyriformis. (a) Normal T. pyriformis. (b) Iron-
oxide particles are introduced to T. pyriformis culture medium and ingested by cells. (c) A permanent 
magnet is used to magnetize the iron-oxide particles. (d) Deciliation after cell is magnetized. 
 
One sample is taken every hour from the 1 mL volume of cells for observation. The 
sample is placed in the approximate Helmholtz coil system [44], which can generate 
magnetic fields whose directions are in a 2D plane on the Leica DM IRB inverted 
microscope. A Redlake Motion Pro X3 camera connected to the inverted microscope is 
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used to record video at 10 frames per second as the channel is examined. The recorded 
images are then imported and digitized by an image-processing algorithm. The algorithm 
separates T. pyriformis from the surrounding debris in the microchannel and tracks the 
cell’s position and orientation at each frame. The cell displacement at each frame is used 
to calculate the velocity of individual cells. The processed data from the tracking algorithm 
can be used for feedback control of T. pyriformis. Based on the location of artificial 
magnetotactic cells, the current of the power supply connected to the approximate 
Helmholtz coil system can be changed by a feedback control algorithm. 
The magnetic field from the Helmholtz coil causes the magnetized particles inside 
T. pyriformis to exert a torque on the cell body. This torque aligns the cell’s swimming 
direction with that of the magnetic field. By varying the voltage in the x- and y-axis, the 
strength and direction of the magnetic field is used to control the swimming direction of T. 
pyriformis. 
In this experiment, the cells were first observed both with and without an applied 
magnetic field to determine their motility rate and cell velocity. The motility rate is defined 
as the ratio of the number of motile cells to the total number of cells, while the cells are 
counted in the acquired video from the experimental setup found in Figure 3. Samples of 
deciliated artificial magnetotactic T. pyriformis are taken for 12 hours, which is after the 
motility rate has saturated. 
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Figure 3. Experimental setup for tracking and measurement of T. pyriformis. The camera captures images 
from the microscope’s stage and is processed on the computer to find the cell’s position and velocity. 
Based on the tracked data, inputs are sent to the power supply which provides power to the approximate 
Helmholtz coil system to generate a two dimensional magnetic field on the microscope’s stage 
 
Each sample was observed for 12 hours after deciliation and had an average of 102 
cells per observation. The motility rate is defined as the ratio of the number of motile cells 
to the number of total cells, while a motile cell is defined as having a swimming velocity 
over 50 μm/s. A low magnification (HI PLAN 4×/0.01) was used to observe a large 
quantity of cells. The motility rate of T. pyriformis after deciliation is shown in Figure 4. 
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The motility rate of the recovering T. pyriformis after deciliation is described as Equation 
(1),  
 𝑚𝑚 = 𝑚𝑚𝑓𝑓 �1 − 𝑅𝑅−�𝑡𝑡𝜏𝜏�2� (1) 
where m is the motility rate, t is the time, mf is the final motility, and 𝜏𝜏 is the rise time when 
the motility rate reaches 63 percent of mf. It is assumed that T. pyriformis is non-motile 
immediately after deciliation such that the motility rate is initially zero. Circle and dot 
markers represent the measured data of T. pyriformis under the magnetic field and without 
stimulus. The solid and dashed lines represent the fitted curves for cells under the magnetic 
field and without stimulus, respectively. The final motility mf and rise time 𝜏𝜏 of the fitted 
curves are described in Table 1. 
The rise time 𝜏𝜏 of deciliated cells is 3.76 hours under the magnetic field and 3.60 
hours without stimulus. The cell’s rise time under the magnetic field was slightly longer 
than that without stimulus. However, the difference is insignificant enough that the effect 
of the magnetic field on the regeneration process can be considered negligible. Also, we 
found that the motility rate of the fully recovered T. pyriformis from deciliation is about 5 
to 9 percent less than that of non-deciliated T. pyriformis, while the motility rate of the non-
deciliated cells is approximately 95 percent due to dead and non-motile cells. The motility 
rate of both cases reaches 95 percent of the final value at 5.69 and 5.67 hours after 
deciliation. It is possible that some of the cells are permanently damaged during the 
deciliation process and are unable to recover from it. Another possible reason that cell 
motility does not fully recover is due to the cell’s size. The deciliation process may have a 
stronger effect on a small cell, which has just divided [45], than a large cell. 
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Figure 4. The motility rate of deciliated T. pyriformis over time. Circle and dot markers represent the 
motility rate of deciliated T. pyriformis under the Magnetic Fields (MF) and without stimulus, respectively. 
The dashed and solid lines represent the fitted curves for motility rate of deciliated T. pyriformis under the 
MF and without stimulus, respectively. 
Table 1 Parameters of Motility after Deciliation 
 𝒎𝒎𝒇𝒇 𝝉𝝉 (hrs) 
Cells under the magnetic field 
(dashed line) 0.8640 3.277 
Cells without stimulus (solid line) 0.9051 3.288 
 
 
Even though the motility is recovered, the cell cannot be utilized effectively until 
its velocity is recovered. The average velocity of recovering cells after deciliation is 
illustrated in Figure 5. The circle and dot markers represent the average velocity of T. 
pyriformis under the magnetic field and without stimulus, respectively. For curve fitting, 
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we used exponential function described in Equation (2). It is also assumed that the initial 
velocity of deciliated T. pyriformis is zero immediately after deciliation. The data was fitted 
for the average velocity of deciliated T. pyriformis under the magnetic field (dashed line) 
and without stimulus (solid line). The maximum velocity and rise time of the fitted curves, 
described as Vmax and 𝜏𝜏, are described in Table 2. 
 
𝑉𝑉 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑅𝑅−�𝑡𝑡𝜏𝜏�� (2) 
As the fitted curves in Figure 5 indicate, the speed of T. pyriformis recovers 
exponentially. At approximately 0.7 hours after deciliation, the curve reaches an average 
velocity of 50 µm/s, which means we would expect to see a few moving cells. The rise  
 
 
 
Figure 5. The average velocity of deciliated T. pyriformis over time. Circle and dot markers represent the 
average velocity of deciliated T. pyriformis under the magnetic fields and without stimulus, respectively. 
The dashed and solid lines represent the fitted curves for average velocity of deciliated T. pyriformis under 
the magnetic fields and without stimulus, respectively.  
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Table 2 Maximum Velocity and Rise Time of the Average Velocities after Deciliation 
 
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎 𝝉𝝉 (hrs) 
Cells under the magnetic field 
(dashed line) 410.0 5.335 
Cells without stimulus (solid line) 408.2 5.754 
 
time, when the average velocity reaches 63 percent of its maximum velocity, are 5.34 and 
5.75 hours for the cell under the magnetic field and without stimulus, respectively, while 
the rise times of the motility rate are 3.76 and 3.60 hours after deciliation. Thus, more time 
is necessary to recover the velocity than that of the motility rate. The average velocity of 
the non-deciliated T. pyriformis was measured at 457.46 µm/s, whereas the maximum 
velocity after the deciliation and regeneration process was about 10 percent less at 410 
µm/s for both cases. 
In previous studies [45], it was reported that the cells were fully recovered from 
deciliation after a few hours. Since moving cells were just counted without considering 
their speed, the motility rate was a little higher than our results in Figure 4. However, we 
found that the velocity of recovered cells decreased about 10 percent, even after the motility 
rate fully recovers. It is possible that the deciliation process using a local anesthetic still 
causes permanent damage to the cell, which resulted in reducing the speed of the cell. 
The velocity histogram of the recovered cells and the non-deciliated cells under the 
magnetic field and without stimulus are illustrated in Figure 6. The black and grey bars 
indicate the velocity histogram of non-deciliated cells and recovered cells after 9 hours 
from deciliation, respectively. The velocity histogram of recovered cells has been shifted 
to the left from that of non-deciliated cells, verifying again that the velocity of deciliated 
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T. pyriformis decreases, even though it has had sufficient time to recover. In addition, there 
is a peak under 200 µm/s for both under the magnetic field and without stimulus that is 
higher for the recovered cells than that of non-deciliated cells. This means that not only the 
velocity of the recovered cells decreased, but also the number of slowly moving cells which 
swim under 200 µm/s increased after deciliation. This may be also due to the damage of 
cells from the deciliation process. The effect of the magnetic field on the velocity of T. 
pyriformis in Figure 6 is also insignificant. 
The deciliation process of the cells is affected by the exposure time and 
concentration of dibucaine HCl, which is not investigated in this section. Other strains, 
Tetrahymena pyriformis WH-14 [45] and DN-B3 [46], were investigated and it was shown 
that the viability and motility after deciliation is affected by those two factors. Thus, it is 
expected that the cell membrane can be functionalized properly by controlling the recovery 
time using exposure time and concentration of dibucaine HCl. We plan to utilize avidin-
biotin linkages, functionalizing deciliated cell membranes and microbeads, simulating 
payload transportation. The avidin-biotin interaction has one of the highest known affinity 
constants, and the linkage is very stable [47]. Avidin also has four binding sites [47] that 
may enable avidin-functionalized T. pyriformis to transport several small objects or 
biotinylated T. pyriformis work in groups to move larger objects. 
The deciliation of T. pyriformis is the basis for its utilization as a cellular robot in 
many microscale engineering tasks. We propose two ideas for improving the effectiveness 
of cellular robots by functionalizing the cell membrane after the deciliation process. During 
the recovery time, magnetic particles or other objects such as sensors and grippers can be 
chemically bonded to the cell membrane. Magnetic particles attached to the membrane 
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could increase the time of control for T. pyriformis, as the ingested magnetic particles are 
eventually released by the cell body. Attached objects can be employed to move structures 
for microassembly or for biosensing purposes. Another possibility includes chemically 
bonding a swarm of deciliated T. pyriformis to a microstructure. Through the use of 
external stimuli, the swimming power of multiple cells can be harnessed to accomplish 
microscale tasks too difficult for an individual cell. 
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Figure 6. Velocity histogram of non-deciliated (black) and sufficiently recovering T. pyriformis (red/grey) 
from deciliation (a) without stimulus and (b) under the magnetic fields.  
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This work first appeared in [39, 48] and was done in collaboration with Dalhyung Kim, 
Anak Agung Julius, and Min Jun Kim. 
In this section, 3D control of artificial Tetrahymena pyriformis (T. pyriformis) is 
accomplished through a multifunctional approximate Helmholtz coil system. To determine 
the cell’s position in the z-axis, intensity profiles of deciliated cells are obtained at different 
depths. We used an open loop control system to steer T. pyriformis and then used the 
predetermined intensity profile to calculate the cell’s trajectory. The successful application 
of 3D control and tracking furthers T. pyriformis’ use as a microbiorobot. 
 
 
The system used is illustrated in Figure 7 (a). Two sets of approximate Helmholtz 
coils are used for x and y axes, and one electromagnetic coil is utilized for z-axis control. 
The coil frame is set on an inverted microscope (Leica DM IRB) and the images are 
captured at 10 frames per second using a high resolution camera (MotionPro X3). 
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Figure 7. The 3D magnetic control system for artificial magnetotactic T. pyriformis. (a) System drawing 
and (b) coil configuration drawing in two different views. 
A computer calculates the positions of the cells using the captured images. The 
power supply is controlled manually through software. In Figure 7 (b), both the top and 
bottom of the coil configuration are illustrated. The approximate Helmholtz coils are 
designed to generate uniform magnetic fields of about 2.5 mT to exert a torque without 
translational force. Using the combination of magnetic fields exerted by the two sets of 
Helmholtz coils in the x and y axes, the directional control of the magnetic fields is 
achieved. One electromagnet for z-axis control is located on the bottom of the stage 
illustrated in Figure 7 (b). We found that a stronger magnetic field is needed to steer a cell 
to the z-axis. This may be attributed to gravity, but further investigation is still necessary. 
Thus, instead using a Helmholtz coil configuration for z-axis control, we utilized one 
electromagnet close to the sample area. 
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Figure 8. Simulation result of the strength of the magnetic field. (a) In the case that the one set of 
Helmholtz coil is activated, the strength of magnetic fields is about 2.5 mT at the center. (b) When one 
electromagnet in the z-axis is activated, the strength is about 5.5 mT at the center (B or Bz), while that of 
xy-plane (Bxy) is negligible. B, Bxy, Bz is the strength of the entire, xy component, and z-axis component of 
the magnetic field, respectively. 
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Figure 8 (a) shows the simulation results of the magnetic fields created along the x-
axis. Since the field of view (FOV) of the microscope is small at 2 × 3 mm2, the gradient 
of the magnetic fields is negligible from -3 mm to 3 mm in Figure 8 (a). Thus, we assumed 
only torque is exerted by the internalized magnetite. In Figure 8 (b), the simulation results 
show there are only magnetic fields along the z-axis with strength of about 5.5 mT, which 
is also relatively uniform at the center, while the x and y components of the fields are 
negligible. Because of our small FOV, we assumed that a uniform magnetic field along the 
z-axis is generated without any magnetic fields in xy-plane. The control of artificial 
magnetotactic T. pyriformis in 3D is achieved by manipulating these coils. Two sets of 
Helmholtz coils are manipulated to control a cell in the xy-plane, and one electromagnet 
located on the bottom is utilized to control a cell to travel along the z-axis. 
 
 
The major challenge of microscale 3D tracking is that only the focal plane is 
available for observation when using the microscope, in most cases. 3D tracking of 
microspheres has been studied widely because the z-axis position is able to be accurately 
calculated with its Gaussian distributed intensity profile created by its spherical shape [49]. 
When a microsphere is far from the focal plane, the distribution becomes wider and the 
maximum intensity decreases, with either property unaffected by the microsphere’s 
orientation. 
However, 3D tracking of microorganisms and determining the z-axis position are 
difficult, due to the deformation and uneven intensity profile of a cell. In most cases, the 
cell does not have a perfect sphere shape and its intensity profile is different from a 
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Gaussian distribution because the intensity inside of the cell is similar with the background 
while that of the membrane differs. Normally, the intensity distribution of the cells has two 
peaks in the cross section, with each peak corresponding to the membrane on either side of 
the cell. When a cell is far from the focal plane, the image is blurred, resulting in a decrease 
of the maximum intensity and a widening of the intensity distribution. Thus, the two peaks 
are hard to recognize and blend together. At a long distance from the focal plane, the 
intensity of the cell and that of the background became indiscernible. 
The intensity information of the cell is used to estimate the z-axis position. 
Typically, the maximum intensity and distribution is used to determine the z-axis position. 
However, for our experiments, a mean intensity difference between the cell and the 
background is used because it is quite consistent among cells. The intensity of the cell is 
determined by the average intensity of the pixels occupied by the cell, while that of the 
background is determined by the immediate unoccupied area around the cell. 
To understand the relationship between the mean intensity difference and a cell’s 
position in z-axis, non-motile T. pyriformis were prepared and observed under the 
microscope while changing the focal plane. Non-motile T. pyriformis was obtained through 
a deciliation process [42] described in Section 2.3. When deciliated cells are placed on the 
glass slide, most of the cells settle on the bottom because they lost their motility. The 
microscope is then focused on the settled cells. The intensity of the cells was observed 
under the microscope while the position in the z direction is manipulated manually. Even 
though both dead and deciliated cells are not motile, the shape of dead T. pyriformis is 
characterized by a circular shape [50], while that of a normal, nondeciliated cell is pear- 
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Figure 9. The intensity difference between T. pyriformis and the background from 0 to 500 µm. From 0 to 
20 µm, the intensity difference increases and the data are fitted with a linear curve. From 20 to 500 µm, it 
decreases exponentially and the data is fitted using Equation (3). 
shaped. To obtain intensity information similar to that of motile cells, which are also pear-
shaped, the intensity profile of deciliated cells are used. 
Figure 9 shows the mean intensity difference between a cell and the background 
versus the z-axis position. Ten cells have been observed from 0 to 500 µm in the z-axis, 
where 0 µm is defined as a cell in focus, and a positive value denotes an increase in distance 
between the original focal plane (0 µm) and the objective. Circle and cross markers 
represent the first region from 0 to 20 µm and the second region beyond 20 µm, 
respectively. Each marker represents a captured image of the cell; there are about 300 
markers total. From 0 to 20 µm in the z-axis, the mean intensity difference increases; 
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beyond 20 µm, it decreases exponentially. Thus, curve fitting was separately conducted for 
each region. One data set from 0 to 20 µm in the z-axis was fitted with the linear curve, 
whose slope is 1.375 µm−1. The other data set from 20 to 500 µm in the z-axis was fitted 
with the exponential equation expressed as follows. 
  𝐼𝐼 = 𝑎𝑎𝑅𝑅−𝑏𝑏𝑏𝑏 + 𝑓𝑓 (3) 
where I is the mean intensity difference and z is the position in z-axis. The parameters a, b 
and c are 75.13, 0.004 and 7.316, respectively. When the position in the z-axis is 20 µm, 
the mean intensity difference has a maximum value of 76.51. T. pyriformis normally swim 
above the substrate and when they are located close to the substrate’s surface, their 
swimming speed decreases, a case in which we are not interested. Thus, we assumed that 
the cell swims 20 µm above the substrate which is focused as a datum. The position in z-
axis is estimated by the Equation (3). 
 
 
Magnetotactic T. pyriformis are controlled manually in three dimensions. The cell’s 
motion was controlled in two different modes: one mode is planar in the xy-plane and the 
other is vertical on the z-axis. Planar motion was conducted by only the Helmholtz coils 
while the z-axis coil was off. Vertical motion was achieved using only the z-axis coil. 
Magnetotactic T. pyriformis were prepared on the substrate in an open channel to ensure 
sufficient depth for the cell to swim. Figure 10 (a)-(l) shows the sequence images of the 
manually controlled T. pyriformis and the lines and circle markers are the trajectories and 
centroids, respectively. The cell’s trajectory can be seen in Figure 10 (m), where the planar 
mode of motion occurs in two distinct xy-planes. The xy-planes that are about 127.0 µm 
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and 446.6 µm above the focal plane can be referred to as the lower plane and upper plane, 
respectively. In Figure 10 (a), T. pyriformis was controlled in planar mode in the lower 
plane, while their position in the z-axis was maintained. To steer the cell along the z-axis, 
electromagnets in the x and y axes were turned off and only the electromagnet in the z-axis 
was activated to create a magnetic field on the z-axis. Figure 10 (b)-(f) are the series of 
pictures when the cell swims from the lower to the upper plane. As shown in Figure 10 (b), 
magnetotactic T. pyriformis is still pear-shaped when swimming in the lower plane while 
in planar mode. As shown in Figure 10 (c), the cell’s shape became circular when the 
electromagnet in only the z-axis is activated. When a cell aligns with the magnetic field in 
the z-axis, its anterior is pointed at the positive or negative direction in the z-axis, depending 
on its polarity, resulting in what appears to be a circular cell shape. Figure 10 (d)-(e) shows 
the cell and its trajectory when it moves along the z-axis. When the cell moves upward, the 
intensity difference between the cell and the background decreased and the cell size 
increased. The helical trajectory indicates that the cell swims with a corkscrew motion. In 
Figure 10 (f), the cell’s motion was switched to planar mode in the upper plane. At this 
depth, the cell appears to be an amorphous blur. Figure 10 (g) shows the trajectory of the 
magnetotactic T. pyriformis controlled by magnetic field in the x and y axes on the upper 
plane. The intensity difference of the cell is still recognizable but its difference is not 
significant. 
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Figure 10. The manual control experiment. (a)-(l) The sequence of images of (a) planar motion at around 
127.0 µm from the focal plane, (b)-(f) upward vertical motion, (g) planar motion at around 446.6 µm from 
the focal plane, and (h)-(l) downward vertical motion. The scale bar is 100 µm. (m) The trajectory in a 3D 
view, (n) a view of xy-plane and (o) xz-plane. The blue and black lines represent the trajectories in the 
lower plane and the upper plane, respectively. The green and red lines represent the trajectories in the z-axis 
for upwards and downwards motion, respectively. 
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From Figure 10 (h)-(k), downward movement in the z-axis is illustrated. Figure 10 
(h) and (i) are the images before and after the magnetic field in the z-axis is applied, 
respectively. Since the cell is located far from the focal plane, it is hard to observe the 
change of its shape like that in Figure 10 (b) and (c). The downward swimming is illustrated 
in Figure 10 (i)-(k) and the corkscrew motion is also observable; it is has a coil like 
trajectory. The cells became distinct from the background and their intensity difference 
increased. Figure 10 (l) shows the motion in the lower plane after travelling along the z-
axis. The cell shape changed to its original pear-shape because it is close to the focal plane. 
The whole trajectory for about 40 seconds is illustrated in three-dimensional space 
in Figure 10 (m). Figure 10 (n) and (o) represent the same trajectory in the xy and xz planes, 
respectively. There are peaks on the trajectory in the z-axis which are at the beginning and 
end of the vertical mode of motion in the z-axis. This may be attributed to the intensity 
values of the cells associated with their orientation change while exiting the vertical mode 
of motion and entering the planar mode of motion. Since the cell is aligned along the z-
axis, the size of the cell is smaller than that of the cell when it moves in the xy plane. Since 
the mean value has been used, the intensity difference should increase because its size 
decreases. 
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Figure 11. (a) The intensity difference, size and (b) the eccentricity of the tracked cell. Light and dark 
yellow regions represent the period when positive and negative magnetic fields are applied along the z-axis, 
respectively. 
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The intensity difference, the size of the cell, and the eccentricity for the experiment 
are shown in Figure 11. The intensity difference between the cell and the background is 
greater when the cell is focused. In contrast, the intensity difference decreases when the 
cell moves away from the focal plane. From 0 to 8.5 seconds and 24.7 to 32.3 seconds, the 
cell travelled on the lower plane. Thus, the intensity difference is high and the size of the 
cell is small in Figure 11 (a). Since the cell is controlled in the upper plane between 10.7 
and 22.3 seconds and after 34.8 seconds, the intensity difference is low and the size is 
larger. The fluctuation of the intensity difference when the cell moves in the lower plane 
is higher than that of the upper plane, while the variance of the z-axis position for both 
cases are similar at 19.0 and 19.4 µm for the lower and upper plane, respectively. Also, 
when the cell was controlled in planar mode, its fluctuation in the z-axis is also about 38 
µm; this might be the minimum depth needed for T. pyriformis to swim freely. This 
fluctuation is due to the small position difference in the z-axis around the focal plane, 
creating a large intensity difference based on the fitted curve in Figure 9, in which the 
intensity difference decreases exponentially. When the cell is far from the focal plane, such 
as the upper plane, the fluctuation of intensity difference is not as pronounced, as expected 
from the lower slope in Figure 9. 
The size of the cell during the experiment is shown in Figure 11 (a). The average 
size of a normal cell is about 200 pixels. The lower plane is located over 100 µm above the 
focal plane; its size is about 600 pixels. When the cell moves on the upper plane, the size 
of cell is around 2000 pixels which is about 10 times larger than that of the cell on the focal 
plane. In contrast to the intensity difference, the fluctuation of a cell’s size is small when 
the cell is close to the focal plane. In the upper plane, there is large variation of the cell 
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size, possibly attributed to the poor intensity difference between the cell and the 
background. Even though the size has a relationship with the z-axis position, it is hard to 
use the size information to estimate the position in z-axis due to the large variance in cell 
size. 
There are three trajectories in which the cell moves along the z-axis at 8.5 - 10.4, 
22.4 - 24.3, and 32.3 - 34.7 seconds. The direction of the magnetic fields is indicated as 
‘+z’ and ‘-z’ while electromagnets for the x and y axes are off. When the cell moves away 
from the focal plane, the intensity difference decreases and the size of the cell increases. 
Also, since the size decreases due to the cell’s shape difference when it swims along the z-
axis and on the xy plane, there are a decrease and an increase of the cell’s area at the 
beginning and end of these durations, respectively, which might affect the localization in 
z-axis. 
The eccentricity is the ratio of the distance between the foci of the ellipse to its 
major axis length. The eccentricity is 0 for a circle and 1 for a line; T. pyriformis is 
considered as an ellipse. Thus, the eccentricity of a pear-shaped cell on the focal plane is 
normally around 0.8 - 0.9, as the average size of T. pyriformis is 25 µm by 50 µm [50]. 
Figure 11 (b) shows the eccentricity of the cell during the experiment. When the cell moves 
on the lower plane, which is close to the focal plane, the eccentricity is around 0.8569 with 
a variance 0.0128, which means the cell shape is maintained on the lower plane. However, 
the eccentricity decreased to around 0.5065 with a relatively large variance of 0.0807. 
Thus, it is verified that the cell shape on the image becomes more circular due to the blurred 
image. In addition, when the cell is controlled in vertical mode, the eccentricity decreased 
to around 0.4, indicating a more circular shape due only to the change in orientation. The 
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eccentricity and the cell size may possibly be integrated with the intensity information for 
robust localization in the z-axis. The eccentricity may provide specific information as to 
whether the cell moves along the z-axis or not. While the cell swims close to the focal 
plane, the variance of the cell size is smaller than that of the intensity difference. When the 
cell size and intensity information is combined, the performance of cell localization would 
be enhanced. 
 
 
This is a short excerpt highlighting the theoretical and experimental results found in [51, 
52] done in collaboration with Yan Ou, Dalhyung Kim, Min Jun Kim, and Anak Agung 
Julius. 
For autonomous control, we have obtained some theoretical and experimental 
results using Model Predictive Control (MPC). We can incorporate performance criteria 
into the feedback control and optimize them. First, we convert the continuous time model 
[53, 54] and  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑖𝑖
= 𝑎𝑎 cos𝜃𝜃 , 𝑑𝑑𝑑𝑑
𝑑𝑑𝑖𝑖
= sin𝜃𝜃 , 𝑑𝑑𝜃𝜃
𝑑𝑑𝑖𝑖
=  𝜔𝜔 
to discrete time: 
𝑑𝑑(𝑘𝑘 + 1) = 𝑑𝑑(𝑘𝑘) + ∆1 ∙ 𝑓𝑓𝑓𝑓𝑓𝑓𝜃𝜃(𝑘𝑘), 𝑑𝑑(𝑘𝑘 + 1) = 𝑑𝑑(𝑘𝑘) + ∆1 ∙ 𝑓𝑓𝑖𝑖𝑖𝑖𝜃𝜃(𝑘𝑘), 
𝜃𝜃(𝑘𝑘 + 1) = 𝜃𝜃(𝑘𝑘) + ∆2 ∙ 𝑓𝑓𝑖𝑖𝑖𝑖(𝜃𝜃𝑚𝑚(𝑘𝑘) − 𝜃𝜃(𝑘𝑘)) 
where the orientation of the external magnetic field, 𝜃𝜃𝑚𝑚, is used as the control input. 
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Figure 12. (left) An artificially magnetotactic T. pyriformis is steered using the MPC motion control 
scheme to trace the letters “R_D”. The scale bar is 100 µm. See the video: http://youtu.be/I1cFi7RtsD0. 
(right) Mechanical analysis of magnetized T. pyriformis under the influence of a magnetic field. In this 
picture, B is the magnetic field; m is the magnetic moment; τ is the torque generated by B and m; 𝜃𝜃𝑡𝑡 is the 
cell angle and 𝜃𝜃𝑚𝑚 is the magnetic field angle 
The motion control experiment is divided into two stages. In the first stage, we 
manually control the cell by rapidly changing the input. As we record the control input 
signal and the state trajectory, the system parameters, ∆1 and ∆2, can be found using least 
square system identification technique [55]. In the second stage, based on the model 
obtained in the first stage, we find the optimal input that minimizes the following (finite 
horizon) cost function: 
𝐽𝐽�𝜃𝜃𝑚𝑚(𝑘𝑘), … , 𝜃𝜃𝑚𝑚(𝑘𝑘 + 𝑁𝑁)� = ���𝑑𝑑(𝑘𝑘 + 𝑗𝑗) − 𝑑𝑑𝑟𝑟(𝑘𝑘 + 𝑗𝑗)�2 + �𝑑𝑑(𝑘𝑘 + 𝑗𝑗) − 𝑑𝑑𝑟𝑟(𝑘𝑘 + 𝑗𝑗)�2�𝑁𝑁+1
𝑗𝑗=1
 
The symbols 𝑑𝑑𝑟𝑟 and 𝑑𝑑𝑟𝑟 represent reference trajectory that has to be followed by the 
cell. The optimal input �𝜃𝜃𝑚𝑚(𝑘𝑘), … ,𝜃𝜃𝑚𝑚(𝑘𝑘 + 𝑁𝑁)� minimizes the distance between the cell 
trajectory and the reference trajectory, in the least square sense. Following the standard 
MPC approach, this optimization is executed in a receding horizon scheme. Figure 12 
shows the results of an experiment that implements the MPC motion control scheme. The 
method for reference trajectory generation is detailed in [55]. 
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This work first appeared in [56] and was done in collaboration with Dalhyung Kim, 
Kyoungwoo Lee, JinSeok Kim, and Min Jun Kim. 
 
In this section, we further explore galvanotaxis in protozoa. T. pyriformis has 
already demonstrated magnetotaxis, phototaxis, thermotaxis [57], geotaxis [58] and 
chemotaxis [41]. It has been used widely as an analogue for chemotaxis in toxicology and 
ecotoxicology [59]. T. pyriformis also has demonstrated galvanotaxis, and its response 
under various strength and frequencies of electric stimulus has been investigated [35, 60]. 
To fully understand the cells’ galvanotaxis, a quantitative study of the cells’ motion under 
electric field is required. The understanding gained from this study may help predict the 
cells’ response in the presence of a static or dynamic electric field, strengthening any 
control algorithm employed with galvanotaxis and generally contributing to our knowledge 
of T. pyriformis as an organic actuator for microscale applications. 
 
 
Galvanotaxis is the directional movement as a response to electric fields [61]. It has 
been widely investigated using Paramecium [7, 62, 63] and utilized in engineering 
applications [64, 65]. Galvanotaxis of T. vorax [66] and T. pyriformis [35] has been studied 
and their behavior is quite similar to that of Paramecium. Galvanotaxis has been described 
in other organisms as a side effect from the affected electrophysiological response, unlike 
in other behavioral responses such as chemotaxis that grant the cell a sort of survival 
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advantage [7]. In Paramecium, applied electric fields cause cathodal swimming due to a 
torque on the cell generated by opposite ciliary forces. Ciliary reversal occurs on the 
cathodal end of a cell due to depolarization, resulting in the activation of voltage-dependent 
Ca2+ channels. A lower concentration of Ca2+ ions in the cell results in the increase of Ca2+ 
ions ﬂowing into the cell, resulting in further activation of voltage-dependent Ca2+ 
channels. This process results in ciliary reversal. Ciliary augmentation occurs on the anodal 
side of the cell, due to hyperpolarization. This hyperpolarization causes activation of 
voltage-dependent K+ channels, and the higher concentration of K+ ions results in K+ ions 
ﬂowing out of the cell, further resulting in activation of voltage-dependent K+ channels [7, 
67]. The unbalance of forces from the ciliary augmentation and reversal imparts a torque 
on the cell, resulting in the cell’s turning and swimming toward the cathode, known as the 
Ludloff phenomenon [68]. Because both ciliated protozoans exhibit cathodal galvanotaxis, 
we assume that the same phenomenon occurs in T. pyriformis. 
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Figure 13. (a) T. pyriformis. The scale bar is 10 μm. (b) Schematic drawing of the PDMS microchannel for 
galvanotaxis. The platinum wires located at the ends of the microchannel are utilized as electrodes. The 
depth of the channel is 80 μm. (c)The overall system for galvanotaxis, which includes the microscope, 
camera, host computer, controller, power supplies and PDMS channel as a galvanotactic chamber. 
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Figure 13(a) shows the structure of T. pyriformis which is in average 25 μm × 50 
μm and pear-shaped. To culture T. pyriformis, a standard medium of 0.1% (w/v) yeast 
extract and 1% (w/v) tryptone in distilled water was used [41]. T. pyriformis has two types 
of cilia covering its entire body: oral cilia used for feeding and motile cilia for swimming. 
T. pyriformis swims forward with a corkscrew motion, which is a rotational motion along 
its major axis of the body. Due to this rotation, it showed a coil-like trajectory when it 
swims. 
 
 
For galvanotaxis experiments, a polydimethylsiloxane (PDMS) microchannel with 
a depth of 80 μm is utilized to keep cells in the focal plane for visualization. We assumed 
that T. pyriformis still swim normally in 80 μm depth channels because the velocity of T. 
pyriformis is in the similar range of that of free-swimming non-geometrically constrained 
T. pyriformis. Since the average swimming velocity of T. pyriformis is around 430–630 
μm/s [69], we assume that the swimming motion of T. pyriformis is normal when its 
instantaneous swimming velocity is above 200 μm/s, referred to as normal swimming or 
normal swimming behavior. The microchannel was fabricated using the photolithography 
and soft lithography processes. First, SU-8 molds for microchannels were prepared. An 
SU-8 2025 layer was spin-coated on a silicon wafer and then a soft bake, ultraviolet light 
exposure, post-exposure bake, and developing processes were followed. Once the SU-8 
mold was prepared, it was silanized for easy release of PDMS after deposition. A PDMS 
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mixture was prepared with PDMS and a curing agent in a ratio of 10:1. Then the mixture 
was degassed and cured at 80 °C for 2 h. Cured PDMS was peeled off from the SU-8 mold 
substrate and trimmed. The PDMS microchannel was bonded to the glass substrate after 
oxygen plasma treatment. We used either straight or cross-shaped PDMS microchannels 
whose size is 20 mm in both length and width and 250 μm diameter platinum wires as 
electrodes, each placed at the end of the channels, illustrated in Figure 13 (b), to generate 
one-dimensional (1D) or two-dimensional (2D) electric fields. 
Figure 13 (c) illustrates the overall system for galvanotaxis experiments. The 
galvanotaxis experimental system is designed to control the electric fields in the 
microchannel, while the movement of cells at the center of the PDMS channel is observed 
via a microscope and camera. Our field of view is approximately 2 mm × 2 mm, and we 
verified that the electric fields at the center are relatively uniform because the difference of 
electric fields along the width is only around 10−11 V/cm from the center to the channel 
wall when we apply 5 V across the channel using a COMSOL simulation. The experiments 
were conducted in a standard culture medium because its measured conductivity is 1096 
μS/cm, which is suitable for galvanotaxis experiments. For cell tracking, the host computer 
calculates the geometric centroid of the cell, which is then defined as the cell’s position. 
For image processing, the captured image via a camera is binarized to find the centroid. 
The detected cells are matched in sequential frames for tracking discrete cells. The cells’ 
motion is observed under an inverted microscope with a low magnification objective ( × 
10). The resulting image does not have a resolution high enough to determine the 
orientation of the cell. To overcome this limitation, the orientation of the cell is 
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approximated as the direction of the cell’s displacement vector. A controller and two power 
supplies are used to generate time-varying electric fields in the microchannel. 
 
 
 
Galvanotactic motion of T. pyriformis was observed in straight microchannels, 
while a 5 V/cm electric field was applied across the channel. Figure 14 shows the typical 
swimming motions of T. pyriformis. In the captured images, an anterior part of a cell facing 
the cathode that is on the right side is given an orientation of 0°. When the cathode is 
located on the left, the orientation of the cell’s anterior facing the left is 180°. Cell motion 
is captured at 10 frames per second. The dashed line represents the direction of the electric 
field. The solid white line on the image indicates the tracked path of the cell. 
Figure 14 (a) and (b) show cathodal swimming motions when an electric field was 
applied, defined as swimming toward the cathode. The cathode is located on the right side 
of the image and the cell in Figure 14 (a) travels to the left, which is the expected swimming 
behavior of T. pyriformis. The cell swimming direction ﬂuctuated about ± 3.4° due to its 
corkscrew motion. 
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Figure 14. Swimming trajectory of T. pyriformis under the electric fields (a), (c), (e), and (g) and the 
direction of cell’s swimming and electric fields (b), (d), (f), and (h). (a), (b) Cathodal swimming cell 
(normal swimming cell). (c), (d) Anodal swimming cell (negative swimming cell). (e), (f) Turning cell 
while the electric fields are changing. (g), (h) Abnormal swimming and a cell recovering its swimming 
direction. The scale bar is 200 μm. 
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Figure 14 (c) and (d) show the cells’ negative cathodal galvanotaxis, defined as 
swimming toward the newly designated anode after the field’s polarity is switched. When 
the polarity of the electric field suddenly changed, T. pyriformis sometimes continued to 
swim toward the anode. The swimming direction was determined by the forward and 
backward swimming force created by the cilia, which is determined by the membrane 
potential shifts. However, when T. pyriformis was aligned with the anode, the swimming 
force exerted by cilia also aligned to its swimming direction so that no torque was exerted, 
which allowed the cell to keep its swimming direction [7]. At this point, the cell’s state is 
in unstable equilibrium, similar to an upright inverted pendulum, which easily goes to 
stable equilibrium. In this case, stable equilibrium is cathodal swimming. Consequently, 
few cells swam toward the anode, as they reduced their state to a stable equilibrium from 
an unstable state due to the cell’s constant corkscrew oscillation. We found negative 
cathodal galvanotactic cells occasionally, but they eventually switch swimming direction 
toward the cathode. The cell’s swimming direction in Figure 14 (d) ﬂuctuated about ± 6.4°. 
Figure 14 (e) and (f) show the turning motion of T. pyriformis when the electric field’s 
polarity changed. When the polarity was changed, the cell turned to align its swimming 
direction to the cathode. There was some delay after the polarity change because of the 
unstable equilibrium swimming motion toward the anode and the corkscrew swimming 
motion. Section 3.3.4.2 describes the delay for a U-turn in detail. Before turning, the 
ﬂuctuation from corkscrew swimming varied by roughly ± 6.9° but then its ﬂuctuation 
increased to ± 12.9° afterward. Normally, once it had turned, the amount of ﬂuctuation 
increased. 
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Figure 14 (g) and (h) show the direction recovery of a cell that did not react to 
electric fields properly. First, it followed the electric fields, but after the polarity was 
changed, the cell moved in random directions, and after about 10 s, it finally recovered its 
swimming direction. This is due to both the cell’s unpredictable response and the spatial 
limitations. T. pyriformis’ swimming and turning was also affected by geometrical 
limitations due to the limited depth of the microchannel. It may be affected during its 
galvanotactic turning motion in 3D spaces [7], as it could collide with the channel walls, 
ceiling, or bottom. However, a cell is still affected by electric fields even after encountering 
geometrical limitations, so eventually a cell changed its swimming direction toward the 
cathode. 
 
 
Cells were exposed to electric fields whose polarities were repeatedly switched. 
After switching polarities, cells would turn and swim toward the cathode, although there 
were several exceptions explained in the previous section. Figure 15 (a) shows the velocity 
after switching polarities. About 1800 cases were collected and each case includes a 
trajectory of only a few seconds because cells cannot be tracked for long time due to a 
limited field of view. The average velocity decreased to 339.9 ± 123.9 μm/s at 0.5 s after 
changing polarity and increased to 466.9 ± 124.9 μm/s at 1.0 s. The velocity increased 
gradually after 1.0 s and plateaued at 645.4 ± 89.8 μm/s at 8.0 s. The dramatic increase that 
occurred at 0.5 to 2.0 s is mainly due to U-turning cells that completed their turning without 
any collisions and the later gradual increase is due to the cells that recovered their normal 
swimming behavior. Figure 15 (b) shows the normalized cell count for cells that swim 
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toward the anode (solid line) and cathode (dashed line). The normalized count for cells 
moving toward the anode at 0 s is above 0.8 because the polarity had just been switched. 
After changing polarity, this value decreased quickly to around 0.2 at 1.6 s, while the cells 
swimming toward the cathode increased by about 0.4. The number of cells which swim 
toward the cathode increased gradually to 0.8 after 8 s, while the cells swimming toward 
the anode changed to 0.04. These dramatic changes at the beginning and gradual changes 
later can be explained in the same way as shown in Figure 15 (a). The geometrical 
restriction has contributed to the gradual changes while the actual turning motion occurred 
until 1.6 s from the beginning. Figure 15 (c) shows the probability density function of the 
swimming direction of T. pyriformis after changing polarity. In the beginning, most cells 
were heading to 180° where the anode was located. After changing the field’s polarity, the 
number of cells that head to 0°, where the cathode was located, increased for 6 s. We can 
find a small peak at 180° until 3 s, which shows the negative cathodal swimming cells 
described in the previous section. 
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Figure 15. (a) Average swimming velocity of T. pyriformis after the polarity of electric fields is changed. 
The shaded area represents the standard deviation. (b) The normalized count for T. pyriformis cells which 
swim toward the cathode (red-dashed line) and the anode (blue-solid line). (c) Angle histogram of 
normalized cell counts in 10° angle bin at each second. 
In Figure 15, some cells do not change the direction of swimming even after the 
polarity of the electric field is changed. These cells were still experiencing the same 
environmental conditions, but the cell may still remain like a less unstable inverted 
pendulum, as the unbalance in forces from both the ciliary augmentation and reversal 
described earlier in Section 3.3.2 may not generate a large enough torque during the cells’ 
oscillation to result in a turning motion. This may also be the case for cells that exhibit a 
delay in turning, differing only in the time they take to reach their ‘tipping’ point. Turning 
is a 3D motion, and some cells have collided with the wall of the microchannel, so it does 
not show a pure turning motion. 
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While Figure 15 considered all cases, only turning cells that were not geometrically 
constrained or experienced physical limitations due to the microchannel are included in 
Figure 16. We observed 52 cases of turning cells, and only the first 3 s of data was collected 
because the cells eventually swim out of the field of view. Figure 15 (a) shows the average 
velocity for turning cells after changing polarity. It decreased to 306.6 ± 109.0 μm/s at 0.5 
s and increased to 472.9 ± 115.5 μm/s at 1.0 s. It reached 503.6 ± 161.9 μm/s after 2 s. The 
minimum velocity is smaller than that in Figure 15 (a) because this dataset does not include 
negative cathodal swimming cells that do not decrease their velocity after changing the 
polarity. The velocity at 1.0 s is greater than that in Figure 15 (a) because many negative 
cathodal swimming cells started to rotate, which decreased the average velocity in Figure 
15 (a). In Figure 16 (b), the number of cells that swim toward the cathode (solid line) started 
to increase after 0.5 s and reached a saturation phase after around 1.6 s. The number of 
cells which swim toward the anode (dashed line) decreased after changing polarity and 
reached saturation after 0.6 s. Thus, once the polarity changed, the cells started to rotate 
before 0.6 s and completed their rotation after around 1.6 s in average. Figure 16 (c) shows 
the probability density function of turning cells every 0.2 s. After changing the polarity, 
the cells changed their swimming direction continuously, and at around 1.6 s, most of the 
cells were swimming toward 0°, where the cathode was located. 
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Figure 16. (a) Average swimming velocity of U-turning T. pyriformis after the polarity of electric fields is 
changed. The shaded area represents the standard deviation. (b) The normalized count for U-turning T. 
pyriformis which swim toward the cathode (red-dashed line) and the anode (blue-solid line). (c) Angle 
histogram of normalized counts of U-turning T. pyriformis in 10° angle bin at every 0.2 s. 
Three typical cases of the U-turn motion of T. pyriformis are illustrated in Figure 
17. After the electric field’s polarity was switched, three distinct cases for the cell’s turning 
were observed: (1) the cell immediately turned, (2) the cell demonstrated corkscrew 
swimming for a period and then began turning and (3) the cell continued swimming toward 
the anode (showed no response to the polarity switch). Immediately turning cells exhibited 
the lowest swimming velocity when orthogonal to the electric field. Under normal 
conditions, cells did not change the direction quickly, so exaggerated oscillations and 
decreases in oscillation period might be due to the cell stabilizing after responding to 
electric fields by turning rapidly. 
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Figure 17. Swimming trajectory (a)–(c) and the direction of cells’ swimming (d)–(f) of U-turning T. 
pyriformis. The magenta, green and blue lines represent the trajectory before/after turning, during delay, 
and during turning, respectively. The red dashed line represents the fitted circle for a cell’s turning 
trajectory. (a), (d) No delayed U-turning and (b), (e) delayed U-turning. (c), (f) longer delayed U-turning. 
The inset in (c) shows the cell images during longer delayed U-turning at 1.5, 1.6, 2.0, 2.1, 3.1, and 3.3 s 
(clockwise from the circle A). The scale bar is 200 μm. 
In Figure 17 (a)–(c), the swimming trajectories are illustrated in different colors 
according to their status: before and after turning (magenta), during a delayed response 
(green) and turning (blue). The cells’ swimming behavior can be described in three distinct 
phases: swimming toward the cathode, turning after the polarity is switched and swimming 
toward the cathode after switching the direction. Prior to the turning phase, defined as an 
orientation change of 160°, there may be a delay, as defined by an orientation change of 
less than 10° after switching the electric field’s polarity. There are exceptional cases where 
cells exhibited delays in their turning or did not turn at all. After switching the field’s 
polarity, these other cells continued along their original trajectory, and despite other cells’ 
turning in the same field of view, some cells continued swimming until their orientation 
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change was greater than 10°. T. pyriformis swim in a corkscrew motion because of the 
tilted arrays of cilia along its cell body [70, 71]. 
A typical U-turn motion without any delay is described in Figure 17 (a) and (d). 
The cell immediately turned after the polarity was changed and the average angular 
velocity during turning is 3.36 rad /s. The turning radius illustrated as a red-dashed line in 
Figure 17 (a) is 86.3 μm, while the average turning radius and time is 134.9 ± 47.9 μm and 
1.372 ± 0.450 s, respectively. The oscillation of its trajectory changed after the cell turned 
compared to their original swimming motion. The standard deviation of the cells trajectory 
increased by 3.02 μm and their oscillation frequency decreased by 0.71 Hz. The amplitude 
of the cells after turning appeared to have increased, similar to those results observed in 
galvanotaxis experiments in T. vorax [66]. 
In cells for which a delay was observed, the turning behavior may be attributed to 
the orientation of the cell just prior to switching the electric field’s polarity. In Figure 17 
(a), a cell that exhibited delay is shown. After switching the field’s polarity, these cells 
initially exhibited a very slow turn rate or continued to swim in a normal oscillation pattern. 
Because of the sudden change in the steering direction, the cells continued to swim before 
normally turning. Any ‘kinks’ or changes in slope of turning of the cells in Figure 17 (e) 
may also be attributed to the corkscrew pattern of swimming. If the direction of swimming 
is changed abruptly for a cell, the cells may exhibit some recovery period prior to returning 
to their normal swimming form.  
Geometrical considerations should also be made for the turning delay and final 
turning direction for the cells. In Figure 17 (c) and (f), we can see that the delay is 
significantly higher than that of other cells exhibiting delays. The cell’s initial trajectory 
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was toward the wall of the microchannel. When the polarity was changed, the cell may 
have originally turned counter-clockwise, but struggled with the physical boundaries and 
finally turned clockwise as illustrated in the inset of Figure 17 (c). The delay may be 
attributed to the physical constraint, as the cell struggled with a turning direction. If this 
particular cell was closer to the center, it is likely that the cell would have completed a 
counter-clockwise turn. Other delay cases may have occurred because of physical 
constraints due to the bottom or top of the microchannel. Cultured cells exhibit negative 
geotaxis; however, the change in depth of the cell while swimming was unable to be 
determined with the current experimental setup. 
Figure 18 (a) and (b) illustrate the velocity change during the same turning motion 
illustrated in Figure 17 (a) and (b), respectively. During this turning period, their velocities 
decreased, with the lowest values observed when the cell was orthogonal to the electric 
field, as can be seen in Figure 18. After turning, cells reached their normal swimming speed 
as their oscillation trajectory and frequency increase and decrease, respectively, normalized 
to values prior to polarity switching. The swimming velocities before (square) and after 
turning (solid circles) are similar, while this value decreases significantly during turning 
(hollow circle). Although the cell kept its swimming direction while exhibiting a delay 
(triangle), the velocity decreased. 
52 
 
 
Figure 18. Velocity changes during U-turning. The blue square, black dot, red triangle, and green circle 
represents before-turning, after-turning, delay, and turning instant, respectively. (a) No delayed U-turning 
and (b) delayed U-turning. 
 
The angle between the cells’ swimming direction and the cathode is defined as ϕ, 
which subtracts the angle of the cathode from that of the cell’s swimming direction. The 
angle ϕ is the main factor that determines the angular velocity of the cell. Figure 19 shows 
the relationship between ϕ and the angular velocity ω. The data are collected only from U-
turning cells to observe a wide range of ϕ. From Figure 19, it is verified that the turning 
direction and the angular velocity are determined by angle ϕ. When the cathode is located 
on the left from the cell’s swimming direction, the cell turns counter-clockwise, where the 
angle difference to the cathode is smaller than that of another direction. When the cathode 
is located on the right, the cell turns clockwise. 
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Figure 19. The relationship between the angular velocity and the direction of the cathode. 
Based on the mathematical model of galvanotaxis developed for Paramecium [7], 
maximum angular velocity ω is observed when ϕ is ± 90°. A similar result is shown in 
Figure 19 for T. pyriformis, but the standard deviation is very large. When ϕ was around ± 
90°, it had a maximum angular velocity ω of around ± 2π rad/s. It decreased when ϕ was 
greater than 90° or less than −90°. The large standard deviations are mainly due to 
corkscrew motion which affects its angular velocity periodically. The angular velocity 
varies depending on the individual cell as well. There are many points around ϕ that are 
zero because the plot includes the data for straight swimming cells moving toward the 
cathode after turning while ﬂuctuation is present due to corkscrew motion. During straight 
swimming, the ﬂuctuation varies by around ± 45°. 
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This work appeared in [72-74] and was done in collaboration with Aaron Becker, Yan Ou, 
Anak Agung Julius, and Min Jun Kim. 
 
In this section, we have utilized iron oxide nanoparticles to impart a response to 
magnetic fields in a single cell eukaryote Tetrahymena pyriformis (T. pyriformis). We 
characterized the swarming motion of these artificially magnetotactic T. pyriformis in the 
presence and removal of rotating magnetic fields. Each cell’s unique magnetic moment and 
other innate differences result in a phase lag when following a magnetic field. In a constant 
field, cells demonstrated a relatively even lag behind the applied fields. The phase lag in 
can also be seen when the magnetic fields are removed: cells swim straight but in various 
orientations. Magnetizing discrete populations of cells with various strength magnets are 
the best solution to increasing the heterogeneity of the magnetic dipole strength, resulting 
in greater controllability of cells. By exploiting this rotating and straight swimming, a 
swarm control method using rotating fields may be implemented to control a swarm of 
cells. We offer a model of the cell based on the cells swimming behavior. Various other 
nanoparticles can be used in future investigations to broaden the capabilities of these 
microrobots, including utilizing nanoparticles that are functionalized for sensing, 
attachment, and drug efficacy tests in excision biopsies and other ex vivo investigations. 
Discrete control of multiple cells will enable us to perform complex microassembly and 
micromanipulation tasks.  
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In this chapter, will first explore a model for our system in Section 4.2. Next in 
Section 4.3, we prove this system in controllable, provide a feedback control law, and 
validate this control law in simulation. In Section 4.5, the control law is experimentally 
validated.  
 
 
For modeling we will work with a simplified 2D approach that ignores the effects 
of gravity and collisions. Both are well documented, and their effects on control strategies 
warrant further study. Gravity alone would not make the system ensemble controllable, but 
boundary effects may. Disturbances from robot-robot interactions are also ignored, and 
may be significant. Extending the model to 3D requires additional states and motion 
primitives, similar to those used for 2D. 
 
 
Figure 20. Kinematic model of a magnetized T. pyriformis cell. The magnetic field exerts torque 
𝑀𝑀𝑎𝑎𝑖𝑖 sin(𝜓𝜓 − 𝜃𝜃𝑖𝑖) to align the cell axis θ with the field ψ. 
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Figure 21. A cell modeled by (4), under a constantly rotating magnetic field 𝜓𝜓(𝑖𝑖) = 𝑓𝑓𝑖𝑖 will reach a steady-
state phase lag of sin−1 �𝑓𝑓
𝑚𝑚
� radians. 𝑓𝑓 = 𝑀𝑀𝑎𝑎 is the step-out frequency, after which the phase lag grows 
without bound. This growth is approximately linear. 
 
Figure 22. As the magnetic field frequency f increases, the radius the cell swims in and the period of 
rotation decrease in a reciprocal relationship until a, the cutoff frequency. The radius values are erratic 
from 𝑎𝑎 to 1.5𝑎𝑎, but after 1.5𝑎𝑎 are linear in 𝑎𝑎2 (a linear-fit line is in dashed grey: 𝑖𝑖 = 1.45 � 𝑓𝑓
𝑚𝑚2
� −
0.3
𝑚𝑚
, 𝑇𝑇 =12.9 � 𝑓𝑓
𝑚𝑚2
� −
2.3
𝑚𝑚
. Shown is 𝑎𝑎 = �4,  6,  8,  10�. 
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Figure 23. Limit-cycles for 8 cells simulated for 10 s with different values at 𝑓𝑓 = 10 rad/s. MATLAB code 
available online [75]. 
Let the model for the ith cell shown in Figure 20, with turning time constant 𝑎𝑎𝑖𝑖, be 
 
�
?̇?𝑑𝑖𝑖
?̇?𝑑𝑖𝑖
?̇?𝜃𝑖𝑖
� = � 𝑎𝑎𝑖𝑖 cos𝜃𝜃𝑖𝑖𝑎𝑎𝑖𝑖 sin𝜃𝜃𝑖𝑖
𝑀𝑀𝑎𝑎𝑖𝑖 sin(𝜓𝜓 − 𝜃𝜃𝑖𝑖)� (4) 
Here the 𝑑𝑑𝑖𝑖 and 𝑑𝑑𝑖𝑖 are Cartesian coordinates, 𝜃𝜃𝑖𝑖 is the orientation of the cell, 𝜓𝜓 is the 
orientation of the magnetic field, and 𝑎𝑎𝑖𝑖 is the swimming speed of the cell. The cell is 
pulled to orient along the magnetic field 𝜓𝜓 by a magnetic field of magnitude 𝑀𝑀, and the 
rate of this alignment is given by the parameter 𝑎𝑎𝑖𝑖. We assume the relationship is first order 
for some range about 0 and thus can be modeled as an ideal torsional spring. As long as 
the magnetic field is on, in steady-state a large group of magnetized cells will share the 
same orientation. No steady-state dispersion in orientation is possible when a magnetic 
field is present. It may be possible to command a change in 𝜓𝜓, quickly turn off the magnetic 
field, and get a distribution of orientations parameterized by a, but this dispersion will 
vanish when the magnetic field is replaced. The nonlinear term sin(𝜓𝜓 − 𝜃𝜃𝑖𝑖) is due to the 
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periodicity of the magnetic torque. For small |𝜃𝜃 − 𝜓𝜓| we can use the small-angle 
approximation (𝜃𝜃 − 𝜓𝜓). 
 
 
 As shown previously, to make multiple cells controllable by the same magnetic 
field, we must exploit heterogeneity in turning rate. One method is by using a constantly 
rotating magnetic field (𝑖𝑖) = 𝑓𝑓𝑖𝑖 , where 𝑓𝑓 ∈ ℝ+ is the frequency of rotation. For 𝑓𝑓 <
𝑀𝑀𝑎𝑎 the cells will reach a steady-state phase lag as they attempt to align with the field. At 
steady-state the cells are turning at the same speed as the magnetic field 
 
?̇?𝜃𝑖𝑖 = 𝑀𝑀𝑎𝑎𝑖𝑖 sin�𝜃𝜃𝑖𝑖(𝑖𝑖) − 𝜓𝜓(𝑖𝑖)�
𝑓𝑓 = 𝑀𝑀𝑎𝑎𝑖𝑖 sin(𝜃𝜃𝑖𝑖(𝑖𝑖) − 𝑓𝑓𝑖𝑖)sin−1 � 𝑓𝑓
𝑀𝑀𝑎𝑎𝑖𝑖
� =𝜃𝜃𝑖𝑖(𝑖𝑖) − 𝑓𝑓𝑖𝑖  (5) 
This steady-state phase lag is shown in Figure 21. The quantity 𝑓𝑓
𝑀𝑀𝑚𝑚𝑖𝑖
 is the step-out 
frequency, after which the phase lag grows without bound. This growth is approximately 
linear for 𝑓𝑓 > 1.5𝑎𝑎, as shown in Figure 22. The effective period for the cell is 
  
𝑇𝑇𝑖𝑖 = � 2𝜋𝜋𝑓𝑓 , 𝑓𝑓 > 𝑀𝑀𝑎𝑎𝑖𝑖
≈ 12.9𝑓𝑓(𝑀𝑀𝑎𝑎𝑖𝑖)−2 − 2.3(𝑀𝑀𝑎𝑎𝑖𝑖)−1, 𝑅𝑅𝑖𝑖𝑓𝑓𝑅𝑅  (6) 
We can also compute the effective radius of the limit cycle the cell follows. For 𝑓𝑓 < 𝑎𝑎, the 
cell completes a cycle every 2𝜋𝜋
𝑓𝑓
 seconds and the radius is therefore 𝑣𝑣
𝑓𝑓
. Past the step-out 
frequency, the cells turn in periodic orbits similar to the hypotrochoids and epitrochoids 
produced by a Spirograph® toy. Representative limit cycles are shown in Figure 23. The 
radius of rotation is: 
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𝑖𝑖𝑖𝑖 = � 𝑎𝑎𝑖𝑖𝑓𝑓 , 𝑓𝑓 < 𝑀𝑀𝑎𝑎𝑖𝑖
≈ 1.45𝑓𝑓(𝑀𝑀𝑎𝑎𝑖𝑖)−2 − 0.3(𝑀𝑀𝑎𝑎𝑖𝑖)−1, 𝑅𝑅𝑖𝑖𝑓𝑓𝑅𝑅  
 
 
 If we could control the orientation of each cell independently, the cells could swim 
directly to the goal. Figure 24 shows two cells with different  parameters. If the rotation 
frequency 𝑓𝑓 and the 𝑎𝑎 values are coprime, the range of possible 𝜃𝜃1 and 𝜃𝜃2 values 
span �0,  2𝜋𝜋� × �0,  2𝜋𝜋�. By increasing 𝑓𝑓 we can control the density we sample these angles. 
The left side of Figure 24 shows that the time required to span �0,  2𝜋𝜋� × �0,  2𝜋𝜋� increases 
with 𝑓𝑓. 
 
 
Figure 24. Shown are the heading angles for two cells with 𝑎𝑎 = {5, 7}. The x axis is 𝜃𝜃1, y axis 𝜃𝜃2. (left) 
Simulation for 100 seconds at increasing rotation frequencies 𝑓𝑓 of the external magnetic field. If 𝑓𝑓 and 
the 𝑎𝑎 values are coprimes, the possible angular values span �0,  2𝜋𝜋� × �0,  2𝜋𝜋�. (right) Rotation frequency of 
the external magnetic field 𝑓𝑓 = 20 rad/s simulated for increasing amounts of time. As time increases, the 
set of possible angular value pairs becomes dense. 
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Figure 25. Our control input consists of an alternating sequence of orbit and swim-straight modes. Our 
algorithms choose the switching time to move the center of rotation �𝑑𝑑𝑓𝑓,𝑖𝑖,𝑑𝑑𝑓𝑓,𝑖𝑖� towards a goal position. 
 
 By turning the magnetic field off, the cell dynamic model simplifies to 
 
�
?̇?𝑑𝑖𝑖
?̇?𝑑𝑖𝑖
?̇?𝜃𝑖𝑖
� = �𝑎𝑎𝑖𝑖 cos𝜃𝜃𝑖𝑖𝑎𝑎𝑖𝑖 sin𝜃𝜃𝑖𝑖0 � (7) 
Without an external magnetic field, the cells swim straight in the direction they were 
headed when the magnetic field was last on. If we store the orientation of the magnetic 
field when the magnetic field is turned off at time 𝑖𝑖𝑚𝑚 as 𝜓𝜓𝑚𝑚 = 𝑓𝑓𝑖𝑖𝑚𝑚, then when we turn the 
field back on at time 𝑖𝑖𝑏𝑏 we can resume where we last stopped 𝜓𝜓(𝑖𝑖) = 𝜓𝜓𝑚𝑚 + 𝑓𝑓(𝑖𝑖 − 𝑖𝑖𝑏𝑏) and 
the cells will continue their limit-cycle behavior, but the center of rotation will be 
translated 𝑎𝑎𝑖𝑖(𝑖𝑖𝑏𝑏 − 𝑖𝑖𝑏𝑏) along the vector 𝜃𝜃𝑖𝑖(𝑖𝑖𝑚𝑚). 
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Our previous technique for system identification required manual control of the 
magnetic field by a human user to keep a single cell within the FOV. Human control does 
not scale to many cells because their differing speeds makes it very challenging to maintain 
even two cells within the FOV long enough to perform system identification. Our new 
approach involves using a constantly-rotating magnet field to hold the cells in periodic 
limit cycles. We can then analyze the vision data and directly measure the 𝑎𝑎𝑖𝑖 and 𝑎𝑎𝑖𝑖 values 
from the phase lag and the radius of rotation using (5) and (8). 
 
 
Our control input consists of an alternating sequence of orbit and swim-straight 
modes. The oscillation frequency 𝑓𝑓 of the magnetic field is constant for every orbit mode. 
At the beginning of each orbit mode, the phase of the magnetic oscillation is resumed from 
the previous orbit mode. During the first orbit mode, we identify the centers of 
rotation �𝑑𝑑𝑐𝑐,𝑖𝑖 ,𝑑𝑑𝑐𝑐,𝑖𝑖� of each cell by recording the cell positions for at least one period, 
calculated by (6), and computing 
 
𝑑𝑑𝑓𝑓,𝑖𝑖(𝑖𝑖) = max�𝑑𝑑𝑖𝑖(𝑖𝑖 − 𝑇𝑇: 𝑖𝑖)� − min�𝑑𝑑𝑖𝑖(𝑖𝑖 − 𝑇𝑇: 𝑖𝑖)�
𝑑𝑑𝑓𝑓,𝑖𝑖(𝑖𝑖) = max�𝑑𝑑𝑖𝑖(𝑖𝑖 − 𝑇𝑇: 𝑖𝑖)� − min�𝑑𝑑𝑖𝑖(𝑖𝑖 − 𝑇𝑇: 𝑖𝑖)� (8) 
The center of rotation of each cell translates along with the cell during each swim-straight 
mode (see Figure 25). 
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We use a control-Lyapunov function (CLF) to design our control law [76]. A 
suitable Lyapunov function is the squared distance of the center of rotation, �𝑑𝑑𝑐𝑐,𝑖𝑖 ,𝑑𝑑𝑐𝑐,𝑖𝑖� (8), 
from the origin: 
  
𝑉𝑉(𝑖𝑖, 𝑑𝑑,𝑑𝑑) = 12��𝑑𝑑𝑐𝑐,𝑖𝑖2 (𝑖𝑖) + 𝑑𝑑𝑐𝑐,𝑖𝑖2 (𝑖𝑖)�𝑛𝑛
𝑖𝑖=1
 (9) 
We construct several control laws that stabilize the system with the proposed Lyapunov 
function. 
 
 
Our control law consists of deciding when to turn the magnetic field 𝑀𝑀 on. To 
make ?̇?𝑉(𝑖𝑖, 𝑑𝑑,𝑑𝑑) negative semi-definite, we choose 
 𝑀𝑀(𝑖𝑖) = �1, ?̇?𝑉(𝑖𝑖, 𝑑𝑑, 𝑑𝑑) < 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑0, 𝑅𝑅𝑖𝑖𝑓𝑓𝑅𝑅  (10) 
for some 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑 ≤ 0 value. With such a 𝑀𝑀(𝑖𝑖), whenever 𝑀𝑀(𝑖𝑖) = 0, the Lyapunov 
function is decreasing at a rate ≤ 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑 ≤ 0. Note here that ?̇?𝑉(𝑖𝑖, 𝑑𝑑,𝑑𝑑) ≤ 0, but there 
exists a subspace of �𝑑𝑑𝑐𝑐,𝑖𝑖 ,𝑑𝑑𝑐𝑐,𝑖𝑖� such that ?̇?𝑉(𝑖𝑖, 𝑑𝑑,𝑑𝑑) = 0. Because ?̇?𝑉(𝑖𝑖, 𝑑𝑑,𝑑𝑑) is negative semi-
definite, we can only claim stability, not asymptotic stability. To gain a proof of asymptotic 
stability, we must choose a 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑 function such that 𝑀𝑀 is always nonzero only at the 
origin. We present three candidate threshold functions. 
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Figure 26. 250 cells initialized at x = 20 mm, y evenly spaced [−20, 20] mm, with 𝑎𝑎𝑖𝑖, 𝑎𝑎𝑖𝑖 values distributed 
uniformly randomly in  [0.5, 1] mm/s ×  [3, 10] under control law (10) with threshold (11). Code available 
online [75]. 
 
Figure 27. Convergence time as a function of population size for simulated cells. Cells initialized at x = 20 
mm, y evenly spaced [20, 20]  mm, with 𝑎𝑎𝑖𝑖, 𝑎𝑎𝑖𝑖 values distributed uniformly randomly in [0.5, 1] mm/s ×  [3, 10] under control law (10) with threshold (11). The best-fit line slope is 57 s/robot. 
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The greedy approach switches to straight-line driving whenever the straight-line 
driving will reduce the error faster than a threshold based on the current distance from the 
goal 
 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑 = −12 𝑎𝑎𝑖𝑖�𝑑𝑑𝑐𝑐,𝑖𝑖2 (𝑖𝑖) + 𝑑𝑑𝑐𝑐,𝑖𝑖2 (𝑖𝑖) (11) 
This approach scales to any number of cells and is robust to noise. Simulated results with 
250 cells are shown in Figure 26. The time required for convergence as a function of the 
number of cells is shown in Figure 27, and appears to grow linearly. Unfortunately, this 
approach requires rapidly turning the magnetic field on and off. A magnetic field with a 
large time constant cannot faithfully implement this controller. A second potential problem 
is that while this controller monotonically reduces the sum of squared errors, it may not 
monotonically reduce the squared error for each individual cell-a small fraction of the cells 
may temporarily move away from their goals. The next controllers alleviate these 
problems. 
 
 
The steepest descent approach only switches to straight-line driving when all the 
cell's headings point toward the target. This maximizes the gradient of the Lyapunov 
function. It is generally difficult, and often impossible to make all the cells head directly to 
the target, so we set a tolerance region for the mean squared angular error 1
𝑖𝑖
� arctan2�sin�𝜃𝜃𝑖𝑖(𝑖𝑖) − 𝜃𝜃𝑖𝑖,𝑡𝑡𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡�, cos�𝜃𝜃𝑖𝑖(𝑖𝑖) − 𝜃𝜃𝑖𝑖,𝑡𝑡𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡��2 < 𝑖𝑖𝑓𝑓𝑖𝑖𝑅𝑅𝑖𝑖𝑎𝑎𝑖𝑖𝑓𝑓𝑅𝑅𝑆𝑆𝑆𝑆𝑛𝑛
𝑖𝑖=1
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Because the cells all have different speeds 𝑎𝑎𝑖𝑖, they do not arrive at the target at the same 
time. As cells overshoot the target, the Lyapunov function increases. We use the 𝑖𝑖ℎ𝑖𝑖𝑅𝑅𝑓𝑓ℎ𝑓𝑓𝑖𝑖𝑑𝑑 
value in (11) to resume constant rotation. 
This approach is designed to minimize the required FOV because the experimental 
setup FOV is limited. Figure 28 compares the greedy and steepest descent controllers. The 
steepest descent approach is unsuited for controlling large populations (more than 5 cells). 
Aligning 𝑖𝑖 cells at desired heading angles is demonstrated in Figure 22, and quickly 
becomes challenging as 𝑖𝑖 increases. Steepest descent provides favorable results in 
simulations with two cells. 
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Figure 28. Left: simulation trajectory of four cells under greedy and steepest descent feedback control. The 
cells start in a vertical line at {[10, 5], [10, 6], [10, 7], [10, 8]} mm, and are steered to orbit goal positions in 
a horizontal line at {[−6, 0], [−2, 0], [2, 0], [6, 0]} mm. The magnetic field has a frequency of 15 rad/s, the 
𝑎𝑎 values are {5, 6, 7, 8}, and the speeds 𝑎𝑎 are {0.8, 0.5, 0.6, 0.7} mm/s. These tests required {200, 930} s for 
all cells to converge within 0.2 mm of their goal positions. Right: Lyapunov function (sum squared distance 
error) of the four cells as a function of time. 
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Figure 29. Preliminary study on manipulation using multiple cells to push a micro-structure. (left) 
Simulation trajectory of four cells under the hybrid feedback control algorithm. The cells have the same 
initial positions and parameters as in Figure 28, but the control objective is to push a 0.5 mm radius disc 
centered at [0, 0] and drawn in green. This simulation required 85.5 s to reach the disc. (right) Lyapunov 
function (sum squared distance error) of the four cells as a function of time. 
 
The hybrid approach attempts to combine the advantages of feedback ensemble 
control and a constant magnetic field. With a constant magnetic field, all the cells swim 
along the same heading angle. We can use a constant magnetic field to control the mean 
position of a large group of cells. In our future applications we want to use large numbers 
of cells to manipulate objects. The force applied to an object is proportional to the number 
of cells that can be brought in contact with the object with the same heading angle, and a 
constant magnetic field allows all the cells to push in the same vector direction. 
𝑓𝑓𝑚𝑚 = 1𝑖𝑖�(𝑑𝑑𝑖𝑖 − ?̅?𝑑)2
𝑖𝑖=1
𝑓𝑓𝑦𝑦 = 1𝑖𝑖�(𝑑𝑑𝑖𝑖 − 𝑑𝑑�)2
𝑖𝑖=1
𝜎𝜎 = �𝑓𝑓𝑚𝑚 + 𝑓𝑓𝑦𝑦 < 𝑖𝑖𝑓𝑓𝑖𝑖𝑅𝑅𝑖𝑖𝑎𝑎𝑖𝑖𝑓𝑓𝑅𝑅𝐻𝐻
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where (?̅?𝑑,𝑑𝑑�) is the center of mass of the group. The hybrid approach uses a rotating 
magnetic field to gather cells together and uses an unchanging magnetic field to swim cells 
to the target. In this case, if the cells' positions are too sparse (𝜎𝜎 ≥ 𝑖𝑖𝑓𝑓𝑖𝑖𝑅𝑅𝑖𝑖𝑎𝑎𝑖𝑖𝑓𝑓𝑅𝑅𝐻𝐻) we gather 
the cells using greedy or steepest descent by defining the target as (?̅?𝑑,𝑑𝑑�). Once the cells 
gather within 𝑖𝑖𝑓𝑓𝑖𝑖𝑅𝑅𝑖𝑖𝑎𝑎𝑖𝑖𝑓𝑓𝑅𝑅𝐻𝐻, we switch to a constant magnetic field and the cells swim in 
unison toward the target. This technique could be used as a primitive operation for micro-
manipulation tasks. Figure 29 shows a simulation where multiple cells are steered to push 
a disc. 
 
 
Table 3 Comparison of the Three Control Strategies 
Comparison Greedy Steepest descent Hybrid 
Convergence Fastest Slower Slowest 
Max. robots ∞ 𝑖𝑖 ≤  5 𝑖𝑖 ≤  5 
Robustness Constant corrections N/A 
Straight-line 
movement with 
magnetic field 
Field of view May increase Never increases Never increases 
Uniform 
movement No no yes 
Toggling mag. 
field often rarely rarely 
 
 
 
A comparison between the three control schemes is shown in Table 3. Each 
simulation uses cells with identical turning rates 𝑎𝑎, velocities 𝑎𝑎, and initial positions and 
orientations. In each test, the cells were successfully steered to end within 2 mm of the 
origin. These results are representative: the time consumption for greedy is the smallest, 
since this method does not require the cells to spin until all the cells are oriented toward 
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the goal. The feedback ensemble control methods steepest descent and hybrid require a 
smaller FOV to gather cells to the target. This is important because the FOV is limited in 
our experimental setup. Hybrid has the slowest convergence time, but its advantage occurs 
when applying an unchanging magnetic field to make the cells head to the target. In this 
case, the cells move in the same vector direction, which may be useful for 
micromanipulation tasks. 
 
 
 
T. pyriformis normally do not respond to magnetic fields, but we have developed a 
method to make them artificially magnetotactic. 50 nm iron oxide particles (Sigma Aldrich, 
St. Louis, MO) are added to culture medium with T. pyriformis and then gently agitated to 
ensure uptake of the magnetite. The cells ingest these particles through their oral apparatus 
and enclose them in vesicles. The solution of cells is exposed to a permanent neodymium-
iron-boron magnet (K&J Magnetics, Pipersville, PA). This magnetizes the ingested 
magnetite, as the particles should be fully saturated to react with the applied rotational 
magnetic fields. This exposure also separates the cells from the extraneous particles not 
consumed in the solution. After magnetization, the ingested iron oxide forms a rod like 
shape inside the cell body along the cell’s major axis due to the N-S poles. When a magnetic 
field is applied, the torque generated can be calculated using, 
 𝜏𝜏 = 𝒎𝒎 × 𝑩𝑩 = 𝑚𝑚𝑚𝑚 sin𝜃𝜃 (12) 
where 𝜏𝜏, 𝒎𝒎, and 𝑩𝑩 represent the torque, magnetic moment, and the magnetic field, 
respectively. 𝜃𝜃 is the angle difference between the magnetic moment and the magnetic 
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field. If the cell is orientated in a direction such that there is some nonzero value of 𝜃𝜃, a 
torque will be generated, steering the cell to the direction of the magnetic field. Thus, when 
the cell is aligned with a magnetic field, no torque is generated and the cell will continue 
to swim along this magnetic field. 
 
 
 
Figure 30. (left) A single T. pyriformis cell without any ingested iron oxide. (inset) A cell with internatlized 
magnetized iron oxide. The scale bar ares 25 µm. (right) Two pairs of approximate Helmholtz coils 
integrated into a microscope stage. 
Artificially magnetotactic T. pyriformis (AMT) exhibit axial magnetotaxis. When 
cells are exposed to a permanent magnet after ingesting iron oxide, the internalized iron 
oxide becomes magnetized. However, the orientation of the dipole is random. That is, some 
cells will have a north to south polarity from the cell anterior to posterior, while other cells 
have the polarity reversed. This results in cells aligning themselves to any applied magnetic 
field, but they may swim in opposite directions. In experiments where a rotating magnetic 
field was implemented, the orientation of swimming AMT may differ in phase by about 
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180°. Experiments were conducted within an hour after magnetization, during which we 
assume the dipole strength remains constant.  
 
 
Cells are placed in a microchannel to minimize any fluid flow and for ease of 
visualization. Microchannels are fabricated using SU-8 molds on silicon wafers made using 
standard photolithography techniques [77]. An elastomer and curing agent mixture is 
poured onto silanized SU-8 molds. The resulting cured PDMS mold is then adhered onto 
glass slides using oxygen plasma treatment. Microchannels containing AMT are placed on 
the stage of an inverted LEICA DM IRB microscope. Images are captured for cells under 
constantly rotating magnetic fields with a Photron Fastcam SA3 using a 4× objective at 
125 frames per second. An Edmund Optics 3112C CMOS camera is used to image cells 
with a 10× objective at 21.49 frames per second during characterization of cell motion 
when the a magnetic field is toggled. The final set of experiments are imaged with a Point 
Grey FL3-U3-13Y3M-C CMOS camera using a 4× objective at 30 frames per second while 
the frequency of the fields are varied. 
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Figure 31. Simulation of magnetic field strength of our 2D approximate Helmholtz coil system. (top) There 
is a negligible magnetic field gradient across an area of 2 mm, approximately the same size as the field of 
view of our experiments. These plots represents the field strength for both the x and y-axes. The uniformity 
of this field indicates that translation due to a magnetic field gradient is negligible. (bottom) The direction 
of the magnetic fields are indicated by the red vectors. The area between the coils is 6.25 mm × 6.25 mm. 
At the center of the microscope stage is an approximate 2D Helmholtz coil system. 
Two pairs of electromagnetics are placed on the x and y-axes to generate uniform magnetic 
field in 2 dimensions. Microchannels are placed on the center of the system, as shown in 
Figure 30 (right). Because the magnetic field gradient (Figure 31) is negligible, we assumed 
there is no translation force from any non-uniform gradient and that only a torque is 
generated. LabVIEW is used to generate a constant rotational input at 6 rad/s through two 
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power supplies (one for each axis). The position and orientation of cells are calculated 
using an image processing algorithm in MATLAB. Because of the axial magnetotactic nature 
of the cells, cells aligned on a magnetic field moving in opposite directions have a phase 
difference of 180°. The orientation of cells have been modified so all cells aligned to the 
magnetic field will have a 𝜃𝜃 value of 0 for better evaluation.  
 
 
 
Cells are steered using magnetic fields. AMT are in a rotating magnetic field of 6 
rad/s, seen in Figure 32 (a). The difference between the magnetic field orientation and the 
cell’s orientation are plotted in Figure 32 (b). Without a magnetic field, the initial 
swimming trajectories of cells are random. Under these rotating magnetic fields, the cell 
trajectories are circular for low rotation speeds and complicated, perhaps hypotrochoidal, 
spiral patterns at high rotation speeds. Cells here were exposed to rotating magnetic fields 
for 5 minutes. There is a consistent difference between a cell’s orientation and the 
orientation of the magnetic field. The mean difference is 20.6°, 36.6°, and 53.9° for the 
cells represented by the red, blue, and green plots, respectively.  
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Figure 32. (a) Three cells in a rotating magnetic field after 5 minutes. (inset) Trajectory of red cell, 
clockwise from top left, at t = 1 min, 5 min, 10 min, and 10 min. (b) The difference between the magnetic 
field orientation and the cell orientation is plotted here. The colors correspond to the top figure. The scale 
bars are 250 µm. 
The orientation difference observed here may be attributed to several factors. As T. 
pyriformis are biological organisms, there will be some variation between each cell, 
whether it is their speed, frequency of oscillation due to corkscrew motion, or size. Each 
cell also has a dipole strength which is a function of the magnetization of the particles as 
well as the amount of internalized magnetite. An AMT with a greater dipole strength or 
large amount of magnetized magnetite will show a more robust response to an applied 
magnetic field, aligning itself to the magnetic field faster than other AMT that may not 
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have as high or as much dipole strength or internalized magnetite, respectively. Regardless, 
we see that the cell’s still manages to rotate with the same frequency as the rotating 
magnetic field.  
There is also a slight upwards trend in the orientation difference between all the 
cells. This trend is not consistent for these cells, as they have been swimming prior to this 
data capture for five minutes while matching the number of rotations and continue to do so 
for a remainder of 5 minutes. It is notable, however, that the cells trajectory and orientation 
difference will change over time. In Figure 32 (a, inset), the trajectories of a cell when 
exposed to magnetic fields (6 rad/s) for 1, 5, and 10 minutes is shown. The cell also 
decreased speed, evident from the decrease in radius. This decrease in speed may have 
resulted from the cell tiring or the slight increase in temperature of the test chamber due to 
constant electromagnet utilization. 
 
 
Cells were placed in rotating magnetic fields (6 rad/s) for less than 10 seconds. 
Afterwards, the magnetic field was switched off, and the swimming of the previously 
rotating cells observed. Figure 33 (a) shows cells swimming in circular trajectories while 
the magnetic field is on and Figure 33 (b) shows cells after the field has been switched off. 
Circular trajectories varying in shape are observed for six different cells. In Figure 34 (a), 
the black dashed line in the plot represents the orientation of the field. Similar to the 
previous experiment of extended exposure to magnetic fields, there is a slight lag between 
the cell’s orientation and direction of the magnetic field. The magnetic field is removed at 
7.28 seconds, during which the orientation of the field is 31.3°. At this point, the power 
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supplies are turned off and no magnetic fields are present. The cells demonstrate typical 
corkscrew motion along a straight line. For 5 observed cells, the average difference 
between their orientation and the magnetic field was 11.6°, 46.3°, 46.6°, 25.63°, and 33.8° 
for the cells indicated by the red, blue, yellow, magenta, and black plots, respectively. 
When the field was removed, however, all demonstrated straight swimming, relative to 
their trajectory during rotation.  
During the experiment, at times a cell would overlap other cells and our image 
processing was unable to identify each cell. As a result, there are some brief periods where 
a cell could not be tracked. Outlying data points in Figure 34, such as the blue cell at 6 
seconds, may be attributed to errors during centroid orientation calculations when another 
cell comes in close proximity or the cell swims over a distorted area (due to floating debris 
or interference in imaging).  
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Figure 33. (a) Trajectory of cells swimming under a 6 rad/s rotating magnetic field. (b) The same cells 
swimming in a straight direction after the rotating magnetic field is removed. Red circles indicate the last 
position of the cell prior to removing the magnetic field. The scale bar is 500 µm. 
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Figure 34. (a) Cell orientation in a one period. The dashed line is the orientation of the magnetic field. Cells 
follow the magnetic field closely. The colors here match the cells in Figure 33 except for the dashed black 
line (represented by yellow trajectory). Red circles represent kinks attributed to the cell’s corkscrew 
motion. (b) The difference between the cell's orientation and the orientation of the magnetic field just prior 
to removal. Cells swim in relatively straight trajectories after removal of the magnetic field. (c) Cell with a 
high latency. Cells match simulation of cells that poorly follow the magnetic field. 
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In Figure 34 (a), the cell orientations increase steadily with the magnetic fields, but 
there are periodic changes in slope possibly due to the cell’s corkscrew swimming motion. 
The “kinks” for the blue, dashed black/yellow, magenta, and solid black cells during 
rotation are 2.0 Hz, 4.3 Hz, 4.2 Hz, and 2.4 Hz, respectively. The values for blue, dashed 
black/yellow, magenta, and solid black cells after the magnetic field is turned off are 2.1 
Hz, 4.1 Hz, 3.8 Hz, and 2.7 Hz, respectively. The kinks for one cell are indicated by red 
circles in Figure 34 (a). 
Although most cells matched the rotation frequency of the magnetic field, there was 
one observed case where a cell could not match the frequency yet still exhibited a distinct 
influenced trajectory. Figure 34 (c) shows a cyan cell which follows the magnetic field 
periodically. As previously mentioned, T. pyriformis exhibit a corkscrew motion when 
swimming due to the angled array of cilia along the length of the cell body. The cell 
appeared to rotate with the field when the direction of change and orientation of the cells 
oscillation was similar to that of the rotating magnetic field. During this point, it is likely 
that the cell experiences the least amount of resistance to the magnetic field. This cell’s 
magnetic moment may not have been as high as the other cells, resulting in the unique 
trajectory. The cell is plotted against a simulation (dashed lines) for cells with various time 
constants for aligning themselves to the magnetic field. This cell closely follows with 
simulated cells that exhibit poor response to magnetic fields, indicating the accuracy and 
potential of our model for swarm control. As a result, the next set of experiments imitated 
the low magnetization of this cell in various frequencies. 
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 All but one cell in the previous experiments had a phase lag of less than 90 degrees. 
Their departing orientation after the removal of magnetic fields were different but were all 
within a small range. Ideally, for swarm control, multiple cells should exhibit a large range 
of heterogeneity in their response rate for a single global input. Understanding how m, the 
magnetic dipole strength, affects the response rate and phase lag is key. 
 We know that AMT are able to swim due to the torque caused by the magnetic 
field. We can also calculate the torque using (1). AMT can be discretely controlled using a 
global input because of the inhomogeneity of the magnetic dipole strength of each cell, 
mainly. The magnetic dipole strength and the cells response is affected by several factors: 
1) the amount of ingested magnetite, 2) the strength of the permanent magnet used to create 
these magnetic dipoles, and 3) the strength of the magnetic field. 1) is difficult to regulate 
and 3) cannot increase inhomogeneity of m. A population of AMT will have a similar m, 
seeded in an iron oxide nanoparticle solution for equal periods and magnetized with the 
same strength permanent magnet. As a result, higher frequencies would be necessary since 
lower frequencies would result in similar limit cycles. However, we have found in other 
experiments that a magnetic field frequency that is too high or too strong can result in AMT 
with affected and impaired swimming (cannot turn, reduction in speed). Therefore, it is 
desirable to vary m and increase the inhomogeneity of a population of cells by magnetizing 
cells with various strength magnets. We previously observed phase lag and a minority of 
cells unable to match the input frequency of the magnetic field, but in most cases, this can 
be attributed to a very small amount of ingested iron oxide. Using the method of various 
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magnetization strengths, we can increase the consistency of the heterogeneity of the 
response rate.  
 
 
 
Figure 35. Artificially magnetotactic T. pyriformis are created by adding iron oxide nanoparticles into 
culture medium with cells. The cells are left for several minutes to ensure uptake of the iron oxide. Cells 
are then divided up into two separate volumes. One set of cells is magnetized with a permanent magnet 
with a surface field strength of 819 gauss, and the other with a permanent magnet with a surface field 
strength of 1601 gauss. Equal parts of each magnetized set of cells are then placed in a microfluidic 
chamber and into a magnetic field controller for experiments. 
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Cells were separated after seeding the culture medium with iron oxide nanoparticles 
into two separated 1.5 mL volumes (Figure 35). Each volume was magnetized with 
magnets with difference surface field strengths: 821 gauss and 1601 gauss. Equal parts 
from each volume were then placed into a PDMS microchannel. For these cells, they were 
exposed to a 3Hz (6π rad/s) clockwise rotating field for 5 minutes, followed by a high/low 
frequency toggling and then complete removal of a field. Figure 36 illustrates the trajectory 
of two cells, each from the two discretely magnetized volumes of cells over a period of 
28.37 seconds. From 0 – 0.67 seconds, the field frequency was 3 Hz. After, the field is 
toggled to 1 Hz (2π rad/s). At 18 seconds, the field was toggled back to 3Hz and then 
removed at 24.67 seconds. Figure 36 (a) illustrates the trajectory of the trajectory from 0 - 
4 seconds. The trajectory of the initial 3 Hz field can be recognized by the smaller radius 
of cell A (thin green trajectory), which has a much stronger magnetic dipole strength than 
cell B (thick blue trajectory). The small red circles indicate the position of the cells when 
the field is toggled and the solid circle represents the starting position of the cell. The 
orientation difference is also plotted in Figure 37 (a). In this frequency, cells A and B 
maintain an average phase lag of 3.94° and 23.06°, respectively. Figure 36 (b) shows the 
trajectory cells after the field is toggled from 1 Hz to 3 Hz. Cell A exhibits a steady phase 
lag of 27.03°. Cell B exceeds the step-out frequency, when the phase lag increases without 
bounds, and its trajectory is hypotrochoidal. Cell B’s growing phase lag can be seen in 
Figure 37 (b). Cell A maintains a phase lag of 27.03°, compared to 3.94° in a 1 Hz field.  
83 
 
 
Figure 36 Trajectory of cells during various frequency toggling. Each pane represents 4 seconds when the 
field is switched from (top) 3 Hz to 1 Hz, (center) 1 Hz to 3 Hz, and (bottom) 3 Hz to 0 Hz. Starting 
positions of cell A (thin green line) and cell B (thick blue line) are indicated with solid circles; magnetic 
field frequency toggling is indicated by hollow red circles. Scale bar is 250 μm. 
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 At 24.67 seconds, the magnetic field is turned off. When a magnetic field is 
removed, the cells swim in the direction they were in prior to the field’s removal. The inset 
of Figure 37 (b) is the orientation difference between the cell and the last input of the 
magnetic field after the applied voltage to the controller was 0. The final orientation of the 
magnetic field was 117°. Cell A maintains an average orientation of 141.47° after the 
field’s removal. This is only a difference of 2.56° between the cells straight swimming 
orientation and the cell’s phase lag during in the 3 Hz rotational field. After removal of the 
field, cell B originally had a heading of 17.97°. After 3.7 seconds, its heading is 331.46°, 
which is an average angular velocity of -12.57 °/second. AMT, like normal T. pyriformis, 
exhibit corkscrew swimming due to the angle of the axial array of motile cilia on its body. 
Looking at cell B’s orientation change between each frame, there seems to be a bias 
towards counter-clockwise movement, resulting in a net counter-clockwise movement. 
This may be attributed to a minute residual fields from any noise present in the system or 
nearby ferric objects. This biased swimming, however, is negligible for any future feedback 
control as cells would be under the influence of a magnetic field more often than not.  
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Figure 37. Cells are under a field toggled between 3 Hz and 1 Hz, following the removal of the field. The 
colors (thickness for grayscale) correspond to the trajectories shown in Figure 36. Field frequency is 
indicated by the region shading: the lighter region represents a frequency of 3 Hz and the darker region 
represents a field frequency of 1 Hz. The average orientation difference was 3.94° and 23.06° for the strong 
(thin green) and weakly (thick blue) magnetized cell, respectively. The bottom plot represents the 
orientation difference between the magnetic field and cells orientation. The strong magnetized cell 
maintained an average orientation difference of 27.03°. The weak magnetized cell could not keep up with 
the magnetic field and its orientation difference increased linearly. Inset shows orientation difference of 
cells and the last direction of the magnetic field after removal of magnetic field. 
Once a rotating magnetic field has been removed, cells continue to swim straight, 
although in slightly different directions. This difference in orientation may be used to 
control swarms of cells to congregate or steer them to arbitrary positions. Using a 
combination of rotating and straight swimming (swimming in the presence and absence of 
a rotating magnetic field), a scenario such as that illustrated in Figure 38 may be 
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accomplished with many cells. A system can implement a toggling magnetic field to 
characterize cells and then calculate the most efficient path for goals. 
 
 
 
Figure 38. A scenario for swarm control using a combination of straight and rotating swimming to direct 
two cells to the same orbit using a global input. 
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This thesis investigated using behavioral responses to stimuli to control a 
microorganism as a microrobot. Specifically, we have taken the live microorganism 
Tetrahymena pyriformis (T. pyriformis) and harnessed its abilities developed over course 
of nature and evolution. While there exists many potential candidates for use as platform 
for a microrobot, our use of T. pyriformis demonstrates the strengths of both biological and 
synthetic (abiotic) systems: namely, its relatively cheap manufacturing cost, short 
fabrication time, sensing abilities, innate responses to stimuli, easily modified response to 
magnetic fields, and powerful swimming capabilities. The result is a versatile 
microbiorobot. 
We focused on the control of this microbiorobot using two types of stimuli: electric 
fields and magnetic fields. While the response to electric fields is innate, the cell can be 
modified by forcing ingestion of iron oxide particles followed magnetization. The result is 
a population of cells that align themselves to an externally generated magnetic field. 
While control of this protozoan is key for microrobot applications, we characterized 
the stripping of the cell’s motile organelles for potential functionalization of inorganic 
objects to the cells surface for future applications such as micromanipulation or cargo 
towing. After deciliation, we confirmed the cell’s ability to regenerate its motile organelles 
and still remain controllable under magnetic fields. This finding is key in order to further 
increase the versatility of T. pyriformis as a microrobot through surface functionalization 
and object attachment. 
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While microorganisms’ responses to electric field have been studied, there lacks 
quantitative analysis of the turning motion exhibited by T. pyriformis. To strengthen the 
use of this cell as a microbiorobot, we studied and characterized the behavior and turning 
motion under electric field stimuli. These findings will be integral to any control algorithm 
employed using electric field and contribute to the overall knowledge of T. pyriformis as 
an organic actuator. 
The motion of T. pyriformis under magnetic fields was also studied. While 
experiments using the microbiorobot were previously conducted in microchannels, the 
motion control and tracking of artificially magnetotactic T. pyriformis (AMT) in three 
dimensions was developed. To track cells in three dimensions, calibrated intensity data of 
a deciliated cell is used to estimate the position of an AMT in three dimensions during 
manual control experiments. Feedback control of a single cell using magnetic fields was 
also demonstrated using model predictive control (MPC) 
To further the versatility of AMT as a microbiorobot, there is a need for multi cell 
control methods. The main obstacle of controlling AMT is the nature of its control input: 
the magnetic field used to control AMT is a global input. However, each AMT in a 
population will have a different, albeit slight, difference in magnetic dipole strength. As a 
result, they will turn at different rates in response to a magnetic field. We employed a 
method to increase the magnetic dipole heterogeneity within a population of AMT for 
improved control and to validate key assumptions for multi cell control methods. 
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The work presented in this thesis can be improved to increase the versatility of T. 
pyriformis as a microrobot. Additional taxes, such as phototaxis and thermotaxis, can be 
investigated individually as well as in addition to other studied taxes. After characterizing 
several taxes, robust control of a swarm of cells may be realized. 
To improve the capability of a single cell, methods for functionalizing the cell body 
for attachment of an inorganic actuator should be investigated. If successful, an assortment 
of microstructures can be attached to the cell, such as a blade (bulldozer), shovel, drill, or 
other materials for sensing data (pH, chemicals, etc.). A microgripper attached to the cell 
would allow for the micromanipulation of objects for applications such as drug efficacy 
studies, lab-on-a-chip, factory-on-a-chip, and ex vivo applications such as excision 
biopsies. 
 Lastly, closed loop feedback control of a swarm of cells would be necessary for 
tasks where a single cell would not be able to produce enough propulsive force. Enabling 
a swarm of cells to work collectively would make such tasks possible.  
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